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ABSTRACT 
Current and future structural applications for composite laminates frequently involve   
design solutions combining composite laminates and metal; the materials must be 
joined. Two conventional means of joining are available: mechanical joining and 
adhesive bonding.  Both methods have critical disadvantages. 
A novel surface treatment for metals developed at TWI, Surfi-Sculpt
 TM
 leads to the 
formation of surface protrusions on metal surfaces. These protrusions are typically 
1.0 mm high and 0.6 mm diameter. The surface modified metal can be bonded with 
composite laminates to form a Comeld
 TM
 joint. These joints can be described as a 
combination of mechanical fastening and adhesive bonding. There are many possible 
variables which could be applied to the metal surface. The variables include the 
shape, height, orientation and distribution (distribution pattern and density) of the 
protrusions. 
The aim of this work was to optimise the protrusions with respect to their geometry 
and distribution using the finite element modelling method for the Comeld
 TM
 joint 
under tensile loading with titanium alloy and cross-ply carbon prepreg composites. 
The simulations require multi-scale modelling techniques to transfer results between 
the global model, which is the reflection of the whole joint, and the unit cell models 
containing a protrusion. The two-dimensional simulations focused on the protrusion 
geometric parameters whereas the three-dimensional simulations focused on the 
protrusion spatial arrangement including the distribution pattern and density. 
Modelling of the entire joint geometry with two and three-dimensional global models 
was carried out using smeared properties for the adhesive layer which includes the 
protrusions. 
These models yield results for both quasi-static properties and stress distributions for 
these joints. Results from the simulations show critical effects on stress distributions 
arising from changing protrusion geometry. These joints show significant advantages 
over conventional joining technologies and their application would allow improved 
performance for combinations of metal and composite laminates. 
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SYMBOLS 
  Stress 
 
0  Load 
 
a  Crack length 
 
r  Radius of crack tip 
 
aU  Change in elastic strain energy of a loaded plate of unit thickness 
 
E  Young's modulus 
 
  Pi 
 
e  Surface energy per unit area 
 
U  Total energy 
 
0U  Total energy of the plate and its loading system 
 
pU  Potential energy 
 
U  Energy of the creation of a crack surface area 
 
Q  Work performed by the loading system during introduction of the crack 
 
G  Energy release rate 
 
cG  Critical value of energy release rate 
 
K  Stress intensity factor 
 
cK  Critical value of stress intensity factor 
 
Y  Geometric factor 
 
J  Decrease in potential energy per increment of crack extension 
 
  Poisson's Ratio 
 
W  Strain energy density 
 
T  Traction 
 
A  Area of plate 
 
u  Displacement 
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1  
INTRODUCTION 
Composites are gaining widespread use in the applications for industries such as 
automobiles and aircraft, for their superior weight reduction to isotropic materials 
such as metals since the composites are typically manufactured from low density 
constituents and can also be tailored to suit a particular application. Extensive 
research has been done for composite materials and they are now being exploited as 
primary structures, for instance in the automobile industry, where before they were 
mainly utilised as secondary load carrying structures. A very important use of 
composites in developing high performance automobiles or aircraft is for light weight 
due to their tailorability coupled with high-strength and stiffness-to-weight ratios, 
environmental, corrosion and fatigue resistance. 
However, in general, the uptake in structural applications for composites has been 
slow. In many large-scale applications, a total composite solution may be unrealistic; 
it would be extremely difficult in moulding the complex geometries. Then the 
connection of dissimilar material components becomes a very important aspect. There 
is an intrinsic dilemma for the design of composite joints, since the two alternatives 
of mechanical or adhesive bonding both show signiﬁcant disadvantages. There has 
been vast amount of research on joints with adhesive or mechanical bonding 
mechanism. 
The most promising way forward may be a combination of adhesive and mechanical 
bonding. This combination of joining methods may be attained following the 
development of Surﬁ-Sculpt TM technology by TWI. The Surfi-Sculpt TM technology 
as a new method for the surface treatment on the metal surfaces, bonding of the 
sculpted metal surface to composite laminates forms a Comeld
 TM
 joint; this enables 
the combination of mechanical and adhesive bonding at the same time. However, 
very little work has focussed on this method. Limited work on stitching and z-pinning 
through-the-thickness reinforcement joints indicates some improvement over 
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conventional adhesive joining system. Comeld
 TM
 joint takes advantages from both 
adhesive and mechanical joints to improve metal-composite joint performance. From 
the preliminary studies of this technology, subjected to tensile loading, higher 
maximum load and extension were found (see Chapter 2, section 2.4). More energy 
can be absorbed before ultimate failure occurs compared to the conventional adhesive 
joints. Potentially, any connection between metal and composite can be considered to 
be replaced by the Comeld
 TM
 joint. 
This programme sought to explore the effect of geometric parameters, in order to 
optimise the design of the joining system prior to failure initiation. As the costs and 
time required for development of this new technology can be expected to be high, it 
would be more convenient to employ finite element analysis to study the various key 
geometric parameters in order to establish their effects on joint performance. The 
main objective of this work was to carry out a FEA study on the effects of the various 
geometric parameters of the surface treatment technique in order to optimise the 
design of the joining system prior to failure initiation. 
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2  
LITERATURE REVIEW 
Composite material is often made up of at least two constituents. Many materials are 
effectively composites. In many cases, a strong and stiff component is present, often 
in elongated form, embedded in a softer constituent forming the matrix. Commonly, 
such composite materials show marked anisotropy, i.e. their properties vary 
significantly when measured in different directions [Hull, 1981]. 
The applications of polymer matrix composites in automobile, aeroplane and various 
industries are widespread due to increased requirements of safety and improvement in 
energy efficiency. Those applications include airframe applications such as the 
Boeing 777 aircraft which extended the use of advanced composites to main flaps, 
passenger floor beams, horizontal stabilisers, and vertical fins; helicopter applications 
such as tail rotor flex beam, fuselage and blades; Formula 1 cars, energy absorption 
components; and automobile bumpers, boot panels, tail fins, and fuel tanks, etc.; 
extensively in rail vehicle cab ends, internal fittings, lightweight panels, the filament 
wound passenger coach body shells, etc.; offshore pipe lines, pressure vessels, and 
tanks; flywheels; wind turbine blades; ships and marine structures; sporting 
equipment; medical devices; and many aspects of civil engineering and many more. 
2.1 Joining 
With the widespread applications of polymer matrix composites, making individual 
components is just the first step; assembly and joining separate components made of 
different materials introduces problems. Conventionally, joining techniques include 
mechanical fastening, adhesive bonding and fusion bonding (welding, soldering or 
brazing) of thermoplastic composites. The technology for joining metals is quite 
mature including a number of processes, including riveting, bolting, welding, 
adhesive bonding, brazing, and soldering [Vinson, 1989]. However, the technology 
for joining composites is less well understood, but still important. In structures made 
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of or consisting of polymer matrix composites, the components must be joined to 
retain the structural integrity in the face of both mechanical (static and dynamic) and 
environmental loads including temperature and humidity [Vinson, 1989]. 
In general, joining is required when there is need to  
(i)  produce larger physical size, 
(ii)  create "un-mouldable" geometries, 
(iii) co-join two dissimilar materials, or 
(iv) preserve a degree of access [Meyer, 1990]. 
For structural applications [Stokes, 1989], the important issues for joint performance 
regardless of the joining technology used include the strength of the joint under static 
and dynamic loads, the resistance of the joint to impact loads, the effect of resin 
ageing, residual stresses, creep, foreign fillers such as particulates, fibres, and bond 
heating sources, and the influence of environmental factors such as temperature, 
moisture, and solvents. Each of these issues must be addressed when selecting the 
proper joint design with as much if not more respect as is the case in material 
selection for the overall structure [Tierney et al., 2000]. 
2.1.1 Mechanical fastening 
Typical assemblies include threaded and unthreaded fasteners with interlocking 
design features, and metallic and thermoplastic riveted assemblies [Stokes, 1989]. 
These fastenings can either be permanent or consist of joints that can be opened or 
closed. Mechanical fastening offers the following advantages [Ueng et al., 1985]: (i) 
no need of surface preparation, (ii) they are insensitive to or adversely affected by 
thermal cycling loads or high humidity environments, (iii) they can easily be 
disassembled without structural or surface damage, and (iv) they are readily 
accessible for visual inspection for damage/wear. The unique characteristics of 
composite structures raise many difficulties associated with mechanical fastening 
[Tierney et al., 2000] including some of the following disadvantages: (i) cyclic 
loading, in-plane shear, and transverse pulling forces can lead to high stress 
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concentrations; (ii) cold flow can cause deformation of fasteners or holes and can lead 
to fastener loosening or pull-out, and joint failure; (iii) fastener tear-out or pull-
through can also be observed especially with thin adherend materials; (iv) stress 
profiles are complex and multiple failure mechanisms are possible; and (v) increased 
weight, part count, and costs. Mechanical fasteners can fail in a variety of modes, 
including tension, shear, bolt, and cleavage-tension failure, as well as from bolt pull 
through [Vinson, 1989; Hart-Smith, 1978; Hart-Smith, 1986]. In the case of vibration, 
mechanically fastened components can show fretting due to small relative movement 
between the components, while adhesive bonding eliminates and even serve to damp 
the vibration. Furthermore, the failure mode for any given joint is highly dependent 
on geometry, and still may vary with the fibre orientation or laminate stacking 
sequence. For instance, connecting composite components with pinned or bolted 
joints may reduce costs and desired for its simplicity, however, drilled holes often 
lead to the reduction of the load carrying capacity due to the stress concentration 
occurring around the boundary of the holes. Special attention must be given for the 
design of bolted joints to avoid catastrophic failure. These mechanical fastened joints 
normally suffer with three failure modes, which are net-tension, shear-out and 
bearing, reported by İçten et al. [İçten et al., 2006] and Karakuzu et al. [Karakuzu et 
al., 2006]; onset of non-linearity can occur due to local failure mechanism, such as 
delaminations at edges of holes. 
Despite weight, mechanically fastened joints containing composite materials can be 
designed to compete with adhesively bonded joints. Mechanically fastened joints can 
also be disassembled relatively easily in comparison to adhesively bonded joints, 
which make them attractive for inspection, repair and recycling purposes amongst 
others. This means that, in industry sectors used to dealing with metals, mechanical 
fasteners have been commonly used to join composite materials to themselves and 
other materials. 
Chapter 2  Literature Review 
 
39 
2.1.2 Adhesive bonding 
Adhesive bonding is used widely for joining sheet materials for load-bearing 
engineering applications, and also for transferring loads in large structures for civil 
engineering. The development of adhesive bonding has depended heavily on 
understanding of the chemistry involved [Stokes, 1989]. A vast research has been 
done for adhesive bonding of composites, and several key issues have been identified 
[Hart-Smith, 1986; Wegman, 1989; Venables, 1984; Shaffer et al., 1991]. These 
include adhesive selection, surface preparation of the composite adherends, wetting, 
mechanisms of bonding, durability, and bonding of dissimilar materials. Generally, 
adhesive bonded joints are stiffer than mechanically fastened polymers or composites, 
due to more uniformly distributed loadings over large areas resulting in lower stresses 
and fewer stress concentrations. The strength of the adhesive material usually 
determines the maximum bond stress, and the chemical structure and temperature of 
the adhesive ultimately determines the mechanical behaviour of the joint during its 
operating life [Tierney et al., 2000]. 
According to Comyn [Comyn, 1997], there are six theories of adhesion, physical 
adsorption, chemical bonding, diffusion, electrostatic, mechanical interlocking and 
weak boundary theories. Physical adsorption contributes to all the adhesive bonds. It 
involves van der Waals forces across the interface. Chemical bonding invokes the 
formation of covalent, ionic or hydrogen bonds across the interface to contribute. The 
diffusion theory can be recognised as polymers in contact may inter-diffuse which 
results in the removal of the initial boundary. The electrostatic theory commonly 
exists with metal-metal joints which form a force of attraction by allowing the 
transfer of electrons. The weak boundary theory points out the effect of 
contamination forming weak boundary layers. 
Epoxides are the most widely used structural adhesives, which are also used as matrix 
resins for composites. Epoxide resins can be mixed with a wide range of hardeners to 
connect dissimilar components. During the application of epoxide adhesives there is 
no volatile formed on hardening with very low shrinkage, but contact may cause skin 
diseases [Comyn, 1997]. 
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2.1.3 Brief comparison of mechanical and adhesive bonding 
Advantages and disadvantages of adhesive bonding compared to mechanical 
fastening are shown Table.2.1. 
Table.2.1 Advantages and disadvantages of adhesive bonding compared to 
mechanical fastening [Smith, 2004] 
Advantages Disadvantages 
 Can form lightweight, strong and 
stiff structures. 
 Ability to join dissimilar materials 
 Ability to efficiently join thin-sheet 
materials 
 Improved stress distribution 
 Good fatigue properties due to 
improved stress distribution 
 Galvanic corrosion minimised by 
non-conducting interlayer 
 Smooth surface finish 
 Bonding process can be automated 
 Cannot be easily dissembled 
 Residual stresses may be created due 
to mismatches in coefficient of 
thermal expansion 
 Limits to thicknesses joined with 
simple configurations 
 Sensitive to peel or through-thickness 
stress 
 Poor resistance to elevated 
temperature 
 Prone to environmental degradation 
under severe conditions 
 Flammability and toxicity problems 
 Inspection can be difficult 
 Needs of surface preparation 
2.1.4 Stresses in adhesive joint 
Fig.2.1 shows some typical classifications of joint which are commonly found in 
practice. One of the most commonly used configurations is Fig.2.1 (a), single-lap 
joint, where the stress state is complex. As shown in Fig.2.2, the loads in the single-
lap joint are not collinear, and a bending moment exists where the joint will rotate. 
Clearly there is peel stress at the ends of the joint in addition to shear in the adhesive 
layer. The adherends are bent instead of in simple tension. 
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Fig.2.1 Some common adhesive joints 
Single lap joints will have the highest shear and bending stresses, whereas scarf joints 
will have the lowest bending stresses. The joints are often scarfed or stepped to 
reduce stiffness discontinuities and resulting stress concentrations at the joint edges. 
Double lap joints are often used to reduce bending or peel stresses at the joint edges. 
A variety of failure modes exist for adhesively bonded materials. The most common 
failures are: (i) cohesive failure within the adhesive layer, (ii) interfacial failure at the 
adhesive-adherend interface, (iii) failure of the matrix on the surface of the adherend, 
(iv) inter-laminar failure in the adherend laminate, (v) transverse failure of the surface 
lamina due to matrix failure or to interfacial failure, and (vi) longitudinal failure of 
the surface lamina. [Tierney et al., 2000] 
(a) Single lap 
(b) Double lap 
(c) Bevel 
(e) Step 
(f) Double step 
(d) Scarf 
(g) Butt 
(h) Butt strap 
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Fig.2.2 Single-lap joint under loads 
For single-lap joint, in 1938, the shear lag model was proposed by Volkersen for 
analysing shear stress within adhesive joint. Ignoring the effects of adherends 
bending, the axial displacements of adherends in the single lap joint were considered. 
Volkersen developed a second order differential equation for the shear stress, known 
as differential shear, as a function of distance along the bondline. [Adams et.al. 1997] 
Assuming shear deformation occurs in the adhesive layer with linear elasticity, the 
length of joint is l, the second order differential equation is shown in the form 
[Adams et.al. 1997; Dillard, 2002], 
 ( )                    
Eq.2.1 
  √
 
 
 (
         
        
) 
Eq.2.2 
where Ei is the Young‟s modulus and ti is the thickness of each adherend, G is the 
shear modulus of the adhesive layer and h is the thickness. 
In single-lap joints, adherend bending and peel stresses exist and they often account 
for failure. The shear lag model would be more appropriate to be applied to several 
joint geometries other than single lap, such as half of a double-lap joint, where the 
bending is less pronounced. 
The governing differential equation will be useful for several different geometries and 
loading scenarios. Depending on the configuration being considered, the boundary 
conditions needed to be solved for the coefficients A and B. The final solution can be 
P 
P 
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determined for the shear lag model with boundary conditions, in the case of 
mechanically applied axial load, P (load per unit width), resulting in 
 ( )  
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)
        
  
     (
  
 
)
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)         
Eq.2.3 
For the balanced adherend case, Ei ti for the upper and lower adherends is the same, 
the coefficient for the hyperbolic sine term becomes zero, and the shear stress 
symmetrically distributed about the centre of the joint. 
Adams et.al. has provided illustration for the shear stress distributions within joints 
consisting of either rigid or extensible adherends, see Fig.2.3. 
 
Fig.2.3 Schematic diagram of the loaded lap joints with the effect of adherend 
extensibility on adhesive shear stress, τ, and adherend axial stresses, σ. [Adams et.al. 
1997] 
Gained from the Volkersen shear lag result, there are peaks in the shear stress 
anywhere there are relative changes in the stiffness of the adherends, and thus near 
joint ends, large shear stress peaks are expected. For situations where the adherends 
 
 
 
 
 
 
 
 
 
 
 
    
τ 
σ σ 
τ 
Rigid Extensible 
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are not balanced, the shear stress distribution is skewed to result in higher shear 
stresses at the end of the stiffest adherend. 
Accounting for the bending moment, joint rotation, the joint displacements are no 
longer proportional to the applied load. Goland and Reissner developed bending 
moment factor, k, which relates the bending moment on the adherend to the in-plan 
loading. [Adams et.al. 1997] For equal thickness adherends was of the form 
     [   √      (
 
 √ 
)]
  
 
Eq.2.4 
where 
    √
  (    )
    
 
where ν is the Poisson‟s ratio, b is the width of the joint. This form is believed to give 
the best fit over a range of conditions. 
Hart-Smith and Zhao et.al. showed some alternative forms of the bending moment 
factor, [Adams et.al. 1997] 
     [       
   ]   
Eq.2.5 
    [     ]
   
Eq.2.6 
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2.2 Classical laminate theory [Daniel et.al, 1994] and orthotropic material 
stiffness matrix in ABAQUS 
2.2.1 Anisotropic and orthotropic elasticity 
For anisotropic material, a point in a general continuum can be represented by nine 
stress components σij, where i, j = 1, 2, 3, acting on sides of an elementary cube with 
sides parallel to 1, 2, and 3 axes, see Fig.2.4. The state of deformation is represented 
by nine strain components, εij. The stress and strain components are related by the 
generalised Hooke‟s law shown with Eq.2.7. 
              
(i, j, k, l = 1, 2, 3) 
              
Eq.2.7 
 
Fig.2.4 Stress states at a point in a general continuum 
where Cijkl represents the stiffness components, Sijkl represents the compliance 
components, and i, j, k, l = 1, 2, 3. 
3 
2 
1 
σ31 
σ33 
σ32 
σ11 
σ13 
σ12 
σ21 
σ23 
σ22 
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The compliance matrix [Sijkl] is the inverse of the stiffness matrix [Cijkl]. The system 
of strain tensors 
         
         
Eq.2.8 
reduces the number of independent elastic constant to 36. 
The contracted notation for the stress strain, stiffness and compliance tensors are 
shown as follows (i, j = 1, 2, 3), 
        
                   
                  
                  
and              
                   
                   
                   
and 
          ,           ,            ,            ,            ,           , 
          ,           ,            ,            ,            ,       
     ,            ,            ,            ,            ,             
Eq.2.9 
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Therefore, the stress-strain relationship can be written as 
          
(i, j, k, l = 1, 2, 3, 4, 5, 6) 
          
Eq.2.10 
In the case of orthotropic material (where material symmetry follows mutually 
perpendicular planes), the stress-strain relations in general have the same form as 
Eq.2.10 with reduced number of independent elastic constants. This is clearly seen 
when the reference system of coordinates is along principal planes of material 
symmetry. Then, 
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Eq.2.11 
And when one of the principal planes is a plane of isotropy, i.e., transverse isotropic 
material, the number of independent elastic constants reduced to five. The stress-
strain relations are therefore simplified by noting that subscripts 2 and 3 (2-3 plane of 
isotropy) are interchangeable in Eq.2.11. And also subscripts 5 and 6 are 
interchangeable. Furthermore, stiffness C44 (or compliance S44) is not independent 
and the form can be obtained 
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Eq.2.12 
Thus Eq.2.11 reduces to 
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Eq.2.13 
Converting the relations in Eq.2.11 to engineering constants as follows, 
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  Eq.2.14 
With unidirectional thin lamina, it is assumed that it is under plane stress conditions, 
and therefore, σ3 = 0, τ23 = τ4 = 0, τ13 = τ5 = 0, and then 
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Eq.2.15 
where Qij = Cij- Ci3Cj3/C33 (i, j = 1, 2, 6). The engineering constants would then be 
expressed by noting that S11 = 1/E1, S22 = 1/E2, S12 = -ν12/E1 = -ν21/E2, S66 = 1/G12, 
and Q11 = E1/(1-ν12 ν21), Q22 = E2/(1-ν12 ν), Q12 = ν12E2/(1-ν12 ν21) = ν21E1/(1-ν12 ν21), 
Q66 = G12. Thus, there are only four independent constants, E1, E2, G12 and ν12. 
2.2.2 Laminate elasticity 
A laminate is an organised stack of uni-directional composite plies. The stack is 
defined by the fibre directions of each ply. The overall behaviour of a multidirectional 
laminate is a function of the stack sequence and materials properties. The classical 
laminate theory can predict the behaviour of the laminate with the following 
assumptions: 
1. Each layer of the laminate is quasi-homogeneous and orthotropic. 
2. The laminate and its layers are in the plane stress state. 
3. All displacements are continuous and small compared with the laminate 
thickness. 
4. In-plane displacements vary linearly through the laminate thickness. 
5. Transverse shear strains are negligible. 
6. Strain-displacement and stress-strain relations are linear. 
7. Transverse normal strain is negligible compared with the in-plane strains. 
The strain-displacement relations can be then obtained as 
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Eq.2.16 
where z is the coordinate variable of a general point of the cross section, ki, i = x, y, 
and s (xy) is the curvatures of the laminate,   
  is the strain on the reference plane. 
The stress-strain relations for layer k can then be written as 
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Eq.2.17 
or, in brief, 
[ ]  
   [ ]  
  [  ]     [ ]  
  [ ]   
It is obvious that whereas the strains vary linearly through the thickness, the stresses 
do not. The reason is the discontinuous variation of the stiff matrix from layer to layer 
and this may also be true for the stresses. 
The force and moment resultants can be obtained as 
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Eq.2.18 
and 
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Eq.2.19 
where Ni and Mi (i = x, y, s) are the force and moment resultants, hk and hk-1 are the z-
coordinates of the upper and lower surfaces of layer k. 
For the general load-deformation relations, the stiffness, reference plane strains and 
curvatures are taken outside the integration operation since they are not functions of 
z, as the curvature and reference plane strains are the same for all plies. Thus, the full 
form of the force-deformation relations can be obtained as 
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Eq.2.20 
or in brief 
[
 
  
 
]   [
   
     
   
] [
  
  
 
] 
Eq.2.21 
where  
     ∑   
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Eq.2.22 
with i, j = x, y, s 
Note that the [A], [B] and [D] matrices are symmetric and they are functions of the 
geometry, material properties and stacking sequence of individual plies. They are the 
average elastic parameters of the multidirectional laminate as Aij are extensional 
stiffnesses, relating in-plane loads to in-plane strains; Bij are coupling stiffnesses, 
relating in-plane loads to curvatures and moments to in-plane strains; Dij are bending 
or flexural laminate stiffnesses, relating moments to curvatures. 
In the case of symmetric laminates with special orthotropic layers, such as crossply 
laminates, the coupling stiffness Bij = 0, the load-deformation relations are reduced to 
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Eq.2.23 
2.2.3 Orthotropic elasticity in ABAQUS 
In ABAQUS, the stress-strain relationship is described with Eq.2.24. The definition 
of orthotropic elasticity can be achieved by specifying the terms in the elastic 
stiffness matrix, which is designated as the ABAQUS D matrix [ABAQUS, 2005]. 
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Eq.2.24 
where 
D1111 = E1 (1 - ν23 ν32) γ 
D2222 = E2 (1 - ν13 ν31) γ 
D3333 = E3 (1 - ν12 ν21) γ 
D1122 = E1 (ν21 + ν31 ν23) γ = E2 (ν12 + ν32 ν13) γ 
D1133 = E1 (ν31 + ν21 ν32) γ = E3 (ν13 + ν12 ν23) γ 
D2233 = E2 (ν32 + ν12 ν31) γ = E3 (ν23 + ν21 ν13) γ 
D1212 = G12 
D1313 = G13 
D2323 = G23 
with 
γ = 1/(1- ν12 ν21 - ν23 ν32 - ν13 ν31 - 2ν21 ν32 ν13) 
Note that this ABAQUS orthotropic material stiffness matrix is for the continuum 
orthotropic material, and it is different to the D matrix in the classical laminate 
theory. 
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2.3 Fracture of Composites 
Fracture of a fibre-reinforced composite is often controlled by numerous micro-cracks 
distributed throughout the material. A vast amount of research has been conducted to 
assess the suitability of simple fracture mechanics to composite materials, and it has 
been shown that the compliance relationships for a fibre reinforced material in the 
fibre direction are significantly different to an isotropic elastic continuum. In many 
cases, when the composite structure behaves globally in a linear and elastic manner 
while the local material separation process at the crack tip exhibits nonlinear 
behaviour. 
 
Fig.2.5 The three modes of crack surface displacements 
There are three modes of crack opening, mode I opening, mode II shearing or sliding 
and mode III tearing, Fig.2.5. All crack growth may be expressed as one or 
combinations of these three modes. 
Fig.2.6 shows various failure mechanisms in fibre reinforced composites [Anderson, 
2005]. Loading in fibre direction can produce matrix cracking, fibre bridging, fibre 
rupture, fibre pullout, and debonding at the fibre/matrix interface. Out-of-plane 
stresses can lead to interlaminar separation or delaminations in composite laminates 
Mode I 
Opening 
 
Mode II 
Shearing 
Mode III 
Tearing 
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because fibres are not strengthening in this direction. Compressive loads can cause 
fibre microbuckling, and macroscopic delamination buckling. 
Out-of-plane tensile stress leads to delamination resulting also from the structural 
geometry. Mismatch in Poisson‟s ratios between plies results in the shear stresses 
between plies near the ply interface, which produce a bending moment balanced by a 
stress in the out-of-plane direction. As stated above that fracture mechanics is 
appropriate for composites in certain situations, delamination is one of the situations. 
Delamination can occur in both Mode I and Mode II conditions. According to 
Anderson and Hunston [Anderson, 2005; Hunston et al., 1987], for brittle matrix, the 
composite has a higher toughness than the neat resin, but reversed for high toughness 
matrices. Delamination can occur in Mode II, but the critical value of G, GIIc, is 
typically 2 to 10 times higher than the corresponding GIc, in brittle matrices 
[Anderson, 2005]. For example, Dávila et al. reported the values of Gc for 
graphite/epoxy composite, are 268 J/m
2
 for GIc and 1450 J/m
2
 for GIIc [Dávila et al., 
2001]; Bonhomme et al. reported the values of Gc for AS4/8552 carbon prepreg 
composites are 302.1 J/m
2
 for GIc and 1098.5 J/m
2
 for GIIc [Bonhomme et al., 2009]; 
and Meziere et al reported the values of Gc for T300-914 unidirectional carbon 
prepreg are 129 J/m
2
 for GIc and 220 J/m
2
 for GIIc [Meziere et al., 2000]. There is 
some evidence that as a result of improved matrix toughness, GIc increases, and the 
ratio between GIIc and GIc reduces, for example, the values of Gc for AS4/APC2 are 
969 J/m
2
 for GIc and 1719 J/m
2
 for GIIc; the values of Gc for AS4/APC2 are around 
1330 J/m
2
 for GIc and 1765 J/m
2
 for GIIc [O‟Brian, 1984; Russell et al., 1987; 
Camanho et al., 2002]. 
Under tensile loading for the cross-ply laminates, for example [0/90]s, the cross-ply 
undergoes the same axial deformation. Due to the difference in Poisson‟s ratios, the 0 
and 90 degree layers will deform differently in the transverse direction when acting 
independently. Bonded together in the laminate, the 0 and 90 degree layers must have 
the same transverse deformation. This is achieved through interlaminar shear stresses, 
which is tension in the transverse direction for 0 degree layer (mainly on the matrix), 
and compression in the fibre direction for 90 degree layer. The interlaminar shear 
stresses vary across the width of the specimen, which will be zero over the central 
Chapter 2  Literature Review 
 
56 
region and reaching peak value near the edge of the specimen [Daniel et al., 1994]. At 
the edge of the specimen, transverse shear stress could contribute to the failure of 
cross-ply composites. 
 
Fig.2.6 Examples of damage and fracture mechanisms in fibre reinforced composites 
[Anderson, 2005] 
Foye and Baker [Foye et al., 1970] published a landmark report in which strength and 
failure mode dependence as a function of stacking sequence was observed. Further 
research has been done by Pagano and Pipes [Pagano et al., 1971]. The effect of 
stacking sequence on the interlaminar stress σz has been shown in Fig.2.7 [Pagano et 
al., 1971]. It is obvious that carefully designed laminate stack can effectively reduce 
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stress in the through-thickness direction. In general, for designing laminar 
composites, minimizing stress σz is one of the key desired factors. 
 
Fig.2.7 Effect of stacking sequence on stress in cross thickness direction [Pagano et 
al., 1971] 
Rice [Rice, 1968] introduced J integral energy balance approach as a technique of the 
fracture mechanism for the free edge problem. The J integral method is able to 
accommodate thermal effects by incorporating the free thermal strains into the strain 
energy density [Yang et al., 1998; Schapery et al., 1990]. The effect of the 
delamination on ultimate failure is complicated. There is not any generic explanation 
to address this. This should be considered as a structural problem, which will depend 
on structural configuration, stacking sequence, and damage modes and progression 
ultimately [Pagano et al., 2000]. 
There has been extensive research carried out on the delamination failure of 
composite laminates and composite adhesive joints for static or cyclic loadings with  
respect to fibre distribution [Melro et al., 2008], different loading modes, crack 
propagation [Hadavinia et al., 2003; Guild et al., 2001; Potter et al., 2001], fracture 
toughness [Pinho et al., 2006], failure [Pinho et al., 2006], crack path selection [Chen 
et al., 2001; Chen et al., 2002], design for improved performances [Silva et al., 2007], 
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and finite element studies on the fracture [Guild et al., 2001; Pinho et al., 2006; 
Blackman et al., 2003], etc. 
As previously mentioned, lap joints often have significant amount of shear and 
bending stresses. This is caused by the discontinuities of material stiffness and joint 
geometry. Stepped joints can reduce these stiffness discontinuities and resulting in 
reduced shear and bending or peel stresses at the joint edges. 
A search of published literature revealed that very little research has been carried out 
on stepped joints. The stresses in stepped joints were reported by Hart-Smith [Hart-
Smith, 1981]. It is also reported [Hart-Smith, 1981; Adams et al., 2000] that the 
stepped joint strength can be improved by matching stiffness of adherends, obtaining 
symmetric transverse or shear stress distribution along the  stepped joint, which peaks 
at the ends of the overlap. 
2.4 Comeld TM joints 
This work is focused on a novel joint system, called Comeld 
TM
, connecting metal 
and composite components with the application of a new surface treatment technique, 
called Surfi-Sculpt 
TM
, on the metal surface. 
Comeld
 TM
 joints are designed to take advantages of both mechanical and adhesive 
bonds. It is the combination of adhesive bonding and mechanical keying provided by 
the surface texture. This joining system is designed to improve conventional metal-
composites joints. 
Surfi-Sculpt
 TM
 technology has been developed by TWI which uses an electron beam 
to create various surface textures through the manipulation of the electron beam. This 
technique is applicable to a wide range of metals, allows the creation of a range of 
surface textures, which can be precisely controlled. Some of these surface textures are 
included in Fig.2.8. Comeld 
TM
 is the application uses Surfi-Sculpt
 TM
 to create 
protrusions and cavities on and in the metal onto which the composite is laid and 
cured, forming the Comeld 
TM
 joint. 
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Typical Surfi-Sculpt
 TM
 metal surfaces are shown in Fig.2.8 [www.twi.co.uk]. To 
create a Comeld 
TM
 joint, the metallic part is machined to form the required shape, 
Fig.2.9. And then Surfi-Sculpt
 TM
 surface treatment is applied to create certain surface 
textures, examples are shown in Fig.2.10 [Smith, 2004]. 
The composite material is then laid-up onto the treated metal surface. Processing 
routes that can be used with Comeld 
TM
 joining includes hand lay-up, spray lay-up, 
resin vacuum infusion, autoclave compaction etc. However, surface treatment on 
metal parts is required, such as etching. Various examples of Comeld 
TM
 joints are 
shown in Fig.2.11 [Smith, 2004]. Fig.2.12 shows a close-up image of fibres located 
around the protrusions [Smith, 2004]. 
 
Fig.2.8 Examples of Surfi-Sculpt 
TM
 treatment on different metals [www.twi.co.uk] 
 
 Fig.2.9 Metal parts of Comeld
 TM
 joints, (a) double-sided joints, (b) single-sided 
joints 
250 µm 
250 µm 
250 µm 
(a) 
(b) 
Scarfed   
 
Stepped 
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 Fig.2.10 Examples of Surfi-Sculpt 
TM
 treatment for Comeld 
TM
 joints [Smith, 2004] 
 
 
Fig.2.11 Various combination of Comeld 
TM
 joints (scale, mm) [Smith, 2004] 
Stainless steel/non-crimp glass fabric reinforced vinyl ester 
Titanium alloy/carbon fibre prepreg 
Stainless steel/woven glass fabric reinforced polyester 
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Fig.2.12 Micrograph showing fibres located around protrusions within Comeld 
TM
 
joints [Smith, 2004] 
To compare the results under tension, the control samples were made [Smith, 2004] 
using exactly the same material (stainless steel and titanium) and processing but did 
not have the Surfi-Sculpt
 TM
 treatment applied. Fig.2.13 (a) [Smith, 2004] shows that 
for GFRP/stainless steel double step joints, the Comeld
 TM
 samples failed at a much 
higher load than the control joints and absorbed three times as much energy as the 
control specimens before failure; Fig.2.13 (b) shows that for CFRP/titanium double 
step joints, the Comeld
 TM
 samples and the control samples failed at approximately 
the same load, however, the Comeld
 TM
 joint absorbed three times as much energy as 
the control joint before failure. 
1 mm 
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Fig.2.13 Results of tensile testing on (a) GFRP/stainless steel, (b) CFRP/titanium 
double step joints [Keller et al., 2004] 
The explanation for the different behaviours under tensile loading of GFRP/stainless 
steel and CFRP/titanium can be obtained by observing the way in which the 
specimens failed. The typical failure of the control and Comeld
 TM
 samples are shown 
in Fig.2.14 and Fig.2.15. The control specimens for both material combinations failed 
at the composite-metal interface (resin is used as adhesives) [Smith, 2004]. 
(a) 
(b) 
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The GFRP/stainless steel Comeld
 TM
 joints failed within the composite, due to the 
presence of the protrusions; the interface is no longer the weakest part and can carry 
more load. After failure, composite material was observed to be attached to the 
protrusions. Shear failure also occurred in those regions without the protrusions. 
Closer inspections show the protrusions had undergone plastic deformation during 
failure of the specimen. For CFRP/titanium Comeld
 TM
 specimens, the interaction of 
the composite with the protrusions made the interface no longer the weakest part, and 
in this case titanium failed before the composite. The high level of Surfi-Sculpt
 TM
 
treatment applied to the section to be joined meant that the metal had significantly 
reduced cross-section area, which decreased the load carrying capability of the 
titanium, and resulted in the unexpectedly low failure load [Kellar et al., 2004 
(patent)]. 
 
Fig.2.14 Failure in control samples, (a) GFRP/stainless steel, (b) CFRP/titanium 
(scale, mm) [Smith, 2004] 
(a) 
(b) 
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Fig.2.15 Failure in Comeld
 TM
 samples, (a) GFRP/stainless steel, (b) CFRP/titanium 
(scale, mm) [Smith, 2004] 
The results from the research conducted on Comeld
 TM
 joints suggest that the 
technique offers certain advantages in joining dissimilar materials compared with 
bonding and bolting. However, further research is required to investigate the joining 
mechanisms and failure behaviour of protrusions. In addition, there are many possible 
variables which could be adjusted with Surfi-Sculpt
 TM
 technology. The variables 
include the distribution, radius, height and orientation of the protrusions. Therefore, 
finite element analysis of the Comeld
 TM
 joining system is required to gain better 
understanding of the mechanism of the protrusions, and to optimise the detailed 
geometries of the joining system. 
2.5 Finite element method 
Finite element analysis (FEA), also called finite element method (FEM), is a method 
for numerical solution of field problems [Cook, 2002]. FEA can be used as an 
analytical tool to solve scientific and engineering problems. Structures can be divided 
to small pieces called finite elements, which are interconnected at joints known as 
nodes. After the physical nature of a problem has been understood, a model for 
analysis can be devised. A numerical model may describe an approximate behaviour 
of a geometric model, and is an idealisation. To consider a three-dimensional 
(a) 
(b) 
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structure subjected to external loads, such as mechanical loads or thermal loads, the 
mathematical model is discretised by dividing the structure into a mesh of finite 
elements, and then can be represented by finite number of nodal quantities and 
interpolation within each element. The value of a field variable is assumed to vary 
over each element in a predefined manner, while the variable distribution through the 
whole structure is adequately approximated with the chosen number and type of 
elements, which have influence on the overall accuracy of the results. Therefore, 
choosing appropriate element type and number is essential. The principle is to 
calculate not only the relationship between the external loads and the corresponding 
internal forces which together satisfy the equilibrium conditions of the structure, but 
also with the displacements of sets of nodes and the corresponding deformations 
which satisfy the compatibility. 
 
Fig.2.16 (a) Single spring, fixed at left end; (b) system of two springs 
2.5.1 Example of Springs 
Considering a simple stress analysis example [Barber, 2005], a problem of single 
spring, with stiffness k under loading force F, assume the force displacement relation 
is linear, i.e. linear elastic spring. The force, F, displacement, u relation can be 
expressed as,  
F = ku             Eq.2.25 
The single spring is fixed at one end and free to move in the other to accommodate 
the resulting displacement associated with the external force. For this linear elastic 
spring, the displacement is proportional to the force applied, Fig.2.16 (a). 
(a) 
(b) 
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For a system of two springs, the stiffness of each spring is not necessarily the same. 
Considering each spring as one element defined by the two ends, and the stiffness of 
the springs are k1, and k2 respectively. At equilibrium, it follows that, 
F1 + F2 + F3 = 0             Eq.2.26 
where 
F1 = k1 (u1 - u2)              Eq.2.27 
F3 = k2 (u3 - u2)             Eq.2.28 
Therefore, F2 = -k1u1 + (k1 + k2) u2 –k2u3. 
The matrix form of the relations can be expressed as 
F = KU              Eq.2.29 
           Eq.2.30 
Consider force acting on each spring separately, and the matrix can be expressed 
respectively as 
           Eq.2.31 
           Eq.2.32 
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therefore, Eq.2.30 can be derived from considering each spring separately by simply 
adding Eq.2.31 and Eq.2.32 together. This example shows how the principles of the 
individual elements were combined to determine the overall response of the system. 
For more springs in the system, the connectivity of those elements becomes 
complicated, and the relevant force equations can be derived by minimising the 
potential energy of the system. For FE method, before the equation can be solved, 
some form of boundary condition must be applied. In term of stress problems, this 
means that the body must be constrained to prevent it from performing unrestricted 
rigid body motion (as stated in the example of the single spring, one end is fixed). For 
thermal problems, the temperature must be defined at one or more of the nodes. 
This approach can be used to solve both static and dynamic stress analyses and also 
steady state and transient thermal analyses. Clearly, large range of problems can be 
adopted for analysis by FEM, and certainly many of these problems were previously 
insoluble until the finite element method became available. Increasingly, the 
complexities and approximations of the algorithms used by many commercial FEA 
software packages are becoming less apparent to end users. Certain aspects of the 
analysis have been automated by employing more sophisticated pre-processors and 
post-processors that can be used to generate and interrogate the analysis results. The 
so called solvers have become concealed as commercial packages. Pre-processors can 
now easily generate highly complex models with little amount of input from the 
engineer, while the post-processors are able to produce equally impressive and 
convincing graphical output. Although finite element method can produce accurate 
and reliable results when used correctly, and it is important to underline that FEM is 
only an approximate technique. The validity and accuracy of the model and its 
solution highly rely on an accurate understanding and representation of the problem 
together with the correct analysis procedures. [Fagan, 1992; Fenner, 1987] 
2.5.2 Geometric simplification with symmetry 
A numerical model can be developed with geometric shape and description of the 
behaviour. All variables including geometry, loads, material properties, and boundary 
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conditions are idealised based on the importance in obtaining the required results, 
which could be recognised as simplification of the real problem. The overall cost of 
carrying out finite element analyses includes savings in time and effort in both model 
development and analysis. Saving can be achieved by careful model design, while 
maintaining the model result accuracy. This can usually be made by approximating 
the dimensionality of the problem, and by taking advantage of any symmetry in the 
body. There are four types of symmetry recognised that could be used to simplify the 
problem, and could be encountered in engineering problems: axial; planar; cyclic and 
repetitive. [Busfield, 2000] 
1. Axial symmetry. If a shape can be defined by rotating a cross-section about a 
line (e.g. a cone) then it is said to be axial symmetric or axisymmetric. Axial 
symmetric models are two-dimensional models of the identical shape distributing 
around an axis in radial direction, Fig.2.17 (a). 
 
Fig.2.17 A schematic drawing to demonstrate the four types of symmetry 
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2. Planar symmetry. With planar symmetry, the axis of symmetry of a two-
dimensional figure is a line such that, if a perpendicular is constructed, any two 
points lying on the perpendicular at equal distances from the axis of symmetry are 
identical, i.e. if the shape were to be folded in half over the axis, the two halves 
would be identical: the two halves are each other's mirror image, Fig.2.17 (b). 
3. Cyclic symmetry. The cyclic symmetric structure is composed of a series of 
identical sectors that are arranged circumferentially to form a ring, which is present 
for example in gears, spline fittings, a turbine disc with blades attached and 
propellers, Fig.2.17 (c). 
4. Repetitive symmetry. Repetitive symmetry is present as part of a structure is 
repeated regularly in a linear sequence. Depending on the nature of boundary 
conditions, it is possible to model only the repeating section. This technique is used 
in this project, to obtain simplification, Fig.2.17 (d). 
These four types of symmetry can be used in combination to achieve the 
simplification of real engineering problems. In this project, planar symmetry and 
repetitive symmetry are employed to investigate the Comeld 
TM
 joint. 
Unit cell models can be used for the repetitive symmetry, when the periodic boundary 
conditions can be identified. Periodic boundary conditions are a set of boundary 
conditions that are often used to simulate a large system by modelling a small part 
that is far from its edge. Unit cell models have been used widely as an important 
technique for numerically solve problems for elastic constants estimation, composite 
laminate structures, micro-mechanical analysis, crystalline structures, chemical 
molecular simulation, etc. and even for the video game industry. For composite 
research, the unit cell models are used extensively [Byström et al., 2000; He et al., 
2007]. 
2.5.3 Analysis Procedures 
The stages involved in producing or developing an FE model are detailed below. 
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First, to determine the type of model to be employed which is capable of representing 
the behaviour of the component or system most accurately by using all available 
approximations simplifying the model, such as approximation of the geometries 
within tolerance (for example, use two dimensional instead of three dimensional 
model). 
Second, to mesh the model into finite elements and specify the material properties, 
boundary conditions, step definitions, and output variables required. Generate the 
input file. Select proper element type based on the first step, for example, shell 
elements, beam elements, two-dimensional continuum elements or three dimensional 
elements. 
Third, the input file can be submitted to a dedicated equation solver software. The 
externally applied load vectors and the stiffness matrix are calculated for each 
element in the model. These values can then be combined together to determine the 
single force vector and the stiffness matrix, {F} and [k], for all the elements in the 
analysis; following which, a matrix solution is performed to evaluate the 
simultaneous equations F = kU adopting a potential energy minimisation technique. 
Fourth, having calculated the nodal displacement in all degrees of freedom, the stress 
and strains are evaluated and tabulated. The tabulated results can be examined and 
interpreted by using a ready to use graphical post-processing software package. 
Then, for a given analysis, the mesh size sensitivity studies are important. Increase 
mesh density until a consistent solution is obtained. Element size sensitivity study can 
be employed to obtain both the efficiency and accuracy. Note that the mesh 
sensitivity studies were carried out for all models presented in this work; the 
development and analysis of these studies were lengthy. 
Lastly, assumptions used in the model should be questioned. For example, is the 
model correct? Do the boundary conditions employed accurately describe the 
physical nature of the behaviour? Is the simplification of the model itself within the 
tolerance? 
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2.5.4  Selection of elements 
Fig.2.18 [ABAQUS, 2005] shows the element families that are used most commonly 
in a stress analysis. One of the major distinctions between different element families 
is the geometry type that each family assumes. 
 
Fig.2.18 Families of elements in ABAQUS [ABAQUS, 2005] 
There are various types of elements that could be used in a finite element analysis to 
describe the component or system‟s geometry. The shapes of these elements vary 
from a single point with no dimensions to a full three-dimensional shape. All the 
finite element work presented in this work used mainly the ABAQUS v6.5 software, 
and with the assistance of I-DEAS 11, to solve problems and post-process the results. 
The elements used in this work consist of triangular and rectangular two-dimensional 
and 8-nodes brick shaped three-dimensional elements, Fig.2.19 [ABAQUS, 2005]. 
 
Fig.2.19 Shape of elements used in this project [ABAQUS, 2005] 
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It is also possible to use either first or second order elements. The difference between 
the two is the first order elements offer linear displacement interpolation between 
adjacent nodes. As an example, the behaviour of a point in between the adjacent 
nodes will be described by averaging the displacement behaviour of each node. 
Second order elements offer a quadratic interpolation of the position between nodes. 
The behaviour of one point along the edge of an element is described by a quadratic 
relationship. First order elements can induce the problem of hourglass and shear 
locking, if the elements distortion and applied strain are small, the second order 
elements are capable of producing a more reliable stress distribution, while 
consuming more resources during the analysis. First order elements are preferred for 
large strain analyses, due to its capability of undertaking larger element distortions 
before failure to a converged solution.  
Additionally, there are two common types of element integration options that are 
available for continuum mechanics problems. They are the normal and reduced 
integration elements, Fig.2.20 [ABAQUS, 2005]. The former performs calculations at 
several locations which are distributed throughout each element, which can generate 
result with increased accuracy, although consuming more resources and sometimes 
resulting in convergence problems, whilst the latter performs the calculations at fewer 
points faster and is acceptable for most simulations. 
Reduced integration first and second order two-dimensional elements and reduced 
integration three-dimensional stress elements were used for this project. 
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Fig.2.20 Normal and reduced integration elements [ABAQUS, 2005] 
Commonly used two-dimensional elements include plain stress, plain strain, and 
generalised plan strain elements. According to ABAQUS Analysis User Manual, 
“Plane stress element can be used when the thickness of a body or domain is small 
relative to its lateral (in-plane) dimensions. The stresses are functions of planar 
coordinates alone, and the out-of-plane normal and shear stresses are equal to zero. 
Plane stress elements must be defined in the X-Y plane, and all loading and 
deformation are also restricted to this plane. This modelling method generally applies 
to thin, flat bodies. For anisotropic materials the Z-axis must be a principal material 
direction.” [ABAQUS, 2005] 
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Fig.2.21 Generalised plane strain elements [ABAQUS, 2005] 
According to ABAQUS Analysis User Manual, “Plane strain elements can be used 
when it can be assumed that the strains in a loaded body or domain are functions of 
planar coordinates alone and the out-of-plane normal and shear strains are equal to 
zero. Plane strain elements must be defined in the X–Y plane, and all loading and 
deformation are also restricted to this plane. This modeling method is generally used 
for bodies that are very thick relative to their lateral dimensions, such as shafts, 
concrete dams, or walls. Plane strain theory might also apply to a typical slice of an 
underground tunnel that lies along the Z-axis. For anisotropic materials the Z-axis 
must be a principal material direction. Since plane strain theory assumes zero strain in 
the thickness direction, isotropic thermal expansion may cause large stresses in the 
thickness direction.” [ABAQUS, 2005] 
According to ABAQUS Analysis User Manual, "Generalised plane strain elements 
provide for the modeling of cases in ABAQUS/Standard where the structure has 
constant curvature (and, hence, no gradients of solution variables) with respect to one 
material direction - the 'axial' direction of the model. The formulation, thus, involves 
a model that lies between two planes that can move with respect to each other and, 
hence, cause strain in the axial direction of the model that varies linearly with respect 
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to position in the planes, the variation being due to the change in curvature. In the 
initial configuration the bounding planes can be parallel or at an angle to each other, 
the latter case allowing the modeling of initial curvature of the model in the axial 
direction." The concept is illustrated in Fig.2.21 [ABAQUS, 2005]. Generalised plane 
strain elements are typically used to model a section of a long structure that is free to 
expand axially or is subjected to axial loading. [ABAQUS, 2005] 
Beyond the curved components, according to Le Page et al. [Le Page et al., 2004] and 
Taliercio, [Taliercio, 2005], it is proved that generalised plane strain elements may 
well be used when the effect of variability in fibre architecture in the through-width 
(becomes through thickness in two dimensional finite element model) direction is not 
included [Le Page et al., 2004], which allows a „slice‟ to be analysed without 
imposing the severe constraint of plane strain; and it works with the cross section of 
parallel fibres [Taliercio, 2005]. 
2.5.5 Submodelling [ABAQUS, 2005] 
Submodelling is the technique to study a local part of a model with a refined mesh, 
based on interpolation of the solution from an initial global model onto appropriate 
parts of the boundary of the submodel. The method is most useful when it is 
necessary to obtain an accurate, detailed solution in the local region. The response at 
the boundary of the local region is defined by the solution for the global model and 
together with loads applied to the local region it determines the solution in the 
submodel. The technique relies on the global model defining this submodel boundary 
response with sufficient accuracy. 
Submodelling can be applied quite generally using ABAQUS. With a few restrictions 
different element types can be used in the submodel compared to those used to model 
the corresponding region in the global model. Both the global model and the 
submodel can use solid elements, or they can both use shell elements. The material 
response defined for the submodel may also be different from that defined for the 
global model. Both the global model and the submodel can have nonlinear response 
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and can be analysed for any sequence of analysis procedures. The procedures do not 
have to be the same for both models. 
The submodel is a separate analysis. The only link between the submodel and the 
global model is the transfer of the time-dependent values of variables to the relevant 
driven variables of the submodel. The only information in the global model available 
to the submodel analysis is the file output data written during the global model 
analysis. These data contain, by default, the undeformed coordinates of all global 
model nodes and element information for all elements in the global model. 
Node-based submodelling is the most commonly used technique. With this technique 
global model responses are used to prescribe boundary conditions at the driven nodes 
in the submodel. It can be used to drive a local part of the model by nodal results, 
such as displacements results from the global mesh. 
2.5.6 Meshfree methods 
Among computational simulation techniques, finite element method (FEM) is often 
used to model and investigate physical phenomena in an engineering system. The 
simulation requires solving the complex differential or partial differential equations 
that govern these phenomena. The spatial domain is often discretised into meshes. As 
introduced previously, a mesh is defined as a net formed by connecting nodes in a 
predefined manner. By using a properly predefined mesh and by applying a proper 
principle, complex differential or partial differential governing equations can be 
approximated by a set of algebraic equations for the mesh. The system of algebraic 
equations for the whole problem domain can be formed by assembling sets of 
algebraic equations for all the meshes. [Liu, 2003] 
The mesh free method can be used to establish a system of algebraic equations for the 
whole problem domain without the predefined mesh. In recent years, meshfree 
methods have gained attention. The trend in computational mechanics has been to 
focus on increasingly demanding problems that require the ability to treat large 
deformations, advanced materials, complex geometry, nonlinear material behaviour, 
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discontinuities and singularities, etc. Meshfree methods use a set of nodes scattered 
within the problem domain and on the boundaries of the domain to represent (not 
discretise) the problem domain and its boundaries. The information on the 
relationship between the nodes is not required, i.e. a mesh is not formed, at least for 
field variable interpolation. These means that meshfree methods eliminate some or all 
of the traditional mesh-based view of the computational domain and rely on a particle 
(either Lagrangian or Eularian) view of the field problem. [Liu, 2003] 
There are a number of meshfree methods summarised by Liu [Liu, 2009], such as the 
element free Galerkin (EFG/EFGM) method developed by Belytschko et al. in 1994, 
the meshless local Petrov-Galerkin (MLPG) method developed by Atluri and Zhu in 
1998, the diffuse element method (DEM) developed by Nayroles, Touzot and Villon 
in 1992, the point interpolation method (PIM) developed by Liu, G. R. and Gu in 
1999, the point assembly method (PAM) developed by Liu, G. R. in 1999, the finite 
point method developed by Onate et al. in 1996, the finite difference method with 
arbitrary irregular grids developed by Liszka, Orkisz and Jensen in 1980, smooth 
particle hydrodynamics (SPH) developed by Lucy in 1977 and Gingold and 
Monaghan in 1977, reproducing kernel particle method developed by Liu, W. K. et 
al. in 1993, and so forth. They all share the same feature that predefined meshes are 
not used at least for field variable interpolation. The methodology is still in a rapid 
development stage.  
2.6 Similar through-thickness techniques 
Comeld 
TM
 joints may be comparable with some transverse reinforcement techniques. 
Similar through-thickness techniques include z-pinning, stitching, bolted adhesive 
joint, tufting, etc. The use of both adhesive and mechanical bonds can take 
advantages of both methods, and these can be done before the curing processes for 
the composites. Previous work done on similar techniques for improving adhesive 
joints by adding mechanical keying effect was only conducted for composite-to-
composite lap joints. Among which, z-pinning may be comparable with Comeld
 TM
 
technique. 
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Some trends can be identified for some geometric parameters including size, angle, 
distribution density of the reinforcements (inserted z-fibres and metallic rods). As a 
novel joining technique, the Comeld
 TM
 joining system enables metal-to-composite 
joining with through-thickness reinforcement. For the present development of the 
joining system, understanding of the geometric parameters influence on the 
mechanical performance of the joint is the aim of this work. 
The z-fibre technique is designed for composite-to-composite joint, which employs 
fibres in the through-thickness directions for the composite laminate joints to improve 
the through-thickness mechanical properties and delamination resistance. The 
manufacture process employs ultrasonically assisted z-pin insertion of thin fibrous 
composite or metallic rods (to various lengths, spacing and patterns) that have high 
axial stiffness, strength and fatigue endurance on top of laminates for the through 
thickness direction, with a layer of low density foam on top of the laminates allowing 
z-pins to penetrate, and this preformed layer can be sheared away to complete the z-
pinned laminates before curing process. With vast amount of research done for the 
technology, both numerical or experimental, it proved that the inter-laminar strength 
for Mode I, II [Partridge et al., 2005; Grassi et al., 2003; Steeves et al., 2006] and 
mixed-mode improved significantly for static and cyclic loads compared to 
conventional laminate composites [Cartié et al., 2006
a
; Zhang et al., 2008].  
According to Mouritz [A.P. Mouritz, 2007], z-pinning not only improves the 
delamination toughness, but also transforms the crack propagation from an unstable 
to stable process especially in brittle matrix laminates. 
This technology can be used for joining laminate composites during the joint 
components' manufacturing process. For instance, after the prepreg laminates have 
been laid up, the insertion of fibres in through thickness direction can be performed to 
create the z-pinned joint ready for curing process. Composite T-joints reinforced 
using z-pinning technology have improved the delamination resistance and joint 
strength for simple and mixed-mode loading conditions. The improvements in the 
through thickness direction have been attributed to large scale bridging effects [Cartié 
et al., 2006
b
; Rugg et al., 2002]. It is observed that the z-pinning may slightly reduce 
the in-plane stiffness properties [Lenzi et al., 2007; Chang et al., 2006], which might 
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be caused by the in-plane fibres misalignment around the z-fibre insertion and the 
formation of resin rich regions around the z-fibre. 
Similarly to the z-pinned joints design, the Comeld 
TM
 joining system is designed to 
enable improvements for metal-composites joints. The difference is mainly because 
the protrusions are created from the metal joint surfaces, where it is an insertion 
process in the case of z-pinning technology. There are many possible variables which 
could be adjusted with Surfi-Sculpt
 TM
 technology. These variables include the 
protrusion distribution pattern and density, protrusion radius, height and orientation, 
etc. The aim of this work is to study the influence on these geometric parameters of 
the protrusions to optimise the design of the joining system.  
As mentioned previously, little relevant information has been obtained after extensive 
literature research, and only some z-pinning related research has been done with some 
investigation of z-fibre geometric parameters. The effects of z-fibre density, diameter 
and insertion depth have been studied [Grassi et al., 2003]. Rugg et. al. include the 
effect of the z-fibre density with mixed mode delamination investigation [Rugg et al., 
2002]. Another similar technique of insertion of metallic rods revealed an effect of 
the angle of those metallic rods for improving lap joints performances [Rugg et al., 
1998; Cartié et al., 2004]. Recent research using metal spikes welded on the joint step 
metal surface has been reported by Ucsnik et al. [Ucsnik et al., 2010]. Improvements 
in ultimate load and maximum deformation were found despite failure of the spikes at 
the metal surface. 
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3  
THE FINITE ELEMENT METHODS 
3.1 Introduction 
The overall aim of this work is to improve the performance of the Comeld
 TM
 joining 
system. The finite element (FE) investigation is focused on the individual protrusions 
influence on the Comeld
 TM
 joint stress status under loading using several different 
FE modelling techniques. There are many parameters that can be studied to 
investigate the protrusions, which include the geometric parameters of the individual 
protrusions such as the protrusion shape, angle, height, size; and the spatial 
arrangement parameters of the protrusions, including the protrusion distribution 
density and protrusion pattern. 
Two finite element methods have been employed to investigate the geometric and 
spatial effects of the protrusions of the joints. Firstly, two-dimensional modelling (2D) 
was used to investigate the effects of change of geometric parameters of the 
protrusions including shape, angle and protrusion height; secondly, three-dimensional 
modelling (3D) was used to investigate the effects of change of spatial arrangement 
of the protrusions along with the protrusion distribution. However, for both these two 
methods, a series of 3D models were produced initially for material characterisation 
purposes as explained in sections 3.2.3 and 3.2.4. 
This chapter describes the finite element modelling methods that were used to 
simulate and predict the joint behaviour for different protrusion parameters, the mesh 
control and the element type used for the finite element methods, both 2D and 3D 
models, and the materials characterisation models. 
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3.2 Material Properties 
The materials used for the unit cell models are carbon fibre/epoxy cross ply 
AS4/8552 prepreg [0/90]12S, and aerospace grade titanium alloy Ti-6Al-4V (Ti64). 
The linear elastic material properties are obtained from materials handbook and the 
prepreg data sheets. For Ti64, the plasticity data is available and therefore has been 
used in the 2D models. 
3.2.1 The titanium alloy material properties characterisation 
The Ti64 material properties are shown below [Bastid, 2005], see Table.3.1 and 
Fig.3.1 
Table.3.1 Titanium material properties 
E [GPa] ν σy [MPa] 
114 0.336 960 
 
Fig.3.1 Stress-strain behaviour of the titanium alloy. 
3.2.2 The prepreg material properties 
The uni-directional prepreg material properties are shown below, see Table.3.2. 
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Table.3.2 The uni-directional carbon prepreg, AS4/8552* 
E1 
[GPa] 
E2 
[GPa] 
E3 
[GPa] 
ν12 ν13 ν23 G12 
[GPa] 
G13 
[GPa] 
G23 
**
 
[GPa] 
112.4 9.38 9.38 0.32 0.32 0.4 5.28 5.28 3.35 
         
Axial tensile 
strength 
[MPa] 
Transverse 
tensile strength 
[MPa] 
0° ILSS 
strength 
[MPa] 
In-plane shear 
strength 
[MPa] 
Neat resin 
strength 
[MPa] 
2207 81 128 114 121 
where, for 0 degree ply, 1 is the fibre direction, 2 and 3 are the transverse directions. 
G23 is calculated with E2 and ν23 since the original data for G and ν are not compatible 
mathematically. The strength data is from the Hexcel materials data sheet. 
* - The unidirectional prepreg is AS4/8552 from Hexcel, and the properties are 
approved by TWI and are taken from literature [McGowan et al., 1998]. 
** - The shear modulus was modified to satisfy the material transverse isotropy 
fulfilling the relationship E23=2G23(1+ ν 23) 
The material properties of composite regions in the models have been assigned 
accordingly based on the model design (some models have a homogenised region and 
others have layered region for the composite partition). The models with layered 
composite partitions have been assigned with the prepreg properties in the relative 
directions, which are 0 and 90 degrees. 
3.2.3 The homogenised composite material properties 
To obtain the homogenised properties, layered three-dimensional models for the 
cross-ply composite region have been created to simulate [0/90]2S lay-up and the 
model design is shown in Fig.3.2, containing four layers of cross-ply composites, 
where the thickness of the composite layer is identical with the carbon prepreg ply. 
The dimensions of the model are not important because there is not any detailed 
geometry involved. The symmetry plane is (1, 3) plane at the bottom in Fig.3.2 
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Fig.3.2 The simulation of [0/90]2S cross-ply 
The layered models have been assigned the unidirectional prepreg properties oriented 
in one or three directions to simulate the cross-ply [0/90]2S homogenised material 
response to loads. The prepreg material properties are discussed in the materials 
characterisation section 3.2.2. 
3.2.3.1 Three-dimensional composite properties model boundary conditions 
The composite layer interfaces have been assumed to have perfect bonding, because 
the analysis conducted is elastic (elastic material properties). The model has been 
loaded in 1, 2 and 3-directions separately with 0.1% strain.  
Finite element analysis has been carried out on series of elastic static three-
dimensional analyses. The homogenised properties have been obtained based on the 
classic laminate theory and simulation. The obtained homogenised cross-ply 
composites properties data are shown in Table.3.3. The fibre axis of the 0 and 90 
degrees UD prepreg lie in 1-direction and 3-direction respectively, therefore the layer 
Symmetry plane 
0 ° 
90 ° 
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is orthotropic. When values could be obtained from both finite element analysis and 
classic laminate theory (software used was ESAComp 2.1), the values were found 
identical. However, some values were only be obtained by one method. The 
homogenised properties for the cross ply material are shown in Table.3.3. 
Table.3.3 The engineering constants of the cross ply material 
E1 [GPa] E2 [GPa] E3 [GPa] G12 [GPa] G13 [GPa] G23 [GPa] 
61.21 10.68 61.21 4.31 5.28 4.31 
 
ν12 ν13 ν21 ν23 ν31 ν32 
0.41 0.049 0.072 0.072 0.049 0.41 
For the shear modulus of the composites, the data have been obtained by using the 
classic laminate theory. For orthotropic material properties application in the 
ABAQUS, these engineering constants must be converted to the orthotropic material 
stiffness matrix. The values of the orthotropic material stiffness matrix were 
calculated for the layer and are shown in Table.3.4. Note that the definition of the 
orthotropic material stiffness matrix used in ABAQUS is not the same as the D 
matrix defined in the classical laminate theory (see section 2.2). 
The material stiffness matrix of the homogenised cross ply material will be applied 
for the composite partitions in the homogenised 2D global models and 2D unit cell 
models. 
Table.3.4 The stiffness matrix for orthotropic material in ABAQUS 
Dijkl,         
1111 2222 3333 1122 1133 2233 1212 1313 2323 
64.44 11.06 62.76 6.532 26.76 2.457 4.31 5.28 4.31 
3.2.4 The protrusion layer homogenised material properties 
3.2.4.1 Three-dimensional protrusion layer properties model design 
The 3D model for the protrusion layer was designed based on the protrusion 
distribution density of the Comeld 
TM
 joint specimens. The protrusion distribution 
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density is calculated by the number of the protrusions on the joint step divided by the 
joint step area, the average value of which is 0.54 per square millimetre, i.e. one 
protrusion per 1.85 square millimetres. The measurement was done by dividing the 
area of the joint step with the number of protrusions. The typical radius and height of 
the protrusions are 0.58 mm and 1.0 mm. If assuming square array arrangements, the 
repeatable unit cell would be 1.36 mm square and 3 mm as height. This was measured 
by dividing the number of the protrusions on the steps by the area of the step. 
These models have been designed for the material characterisation purposes, 
therefore, the shape of the protrusions was simplified in these models to be 
cylindrical. Considering the repetitive protrusions on the joint steps and the 
symmetrical features over the cylindrical protrusion shape, the typical protrusion 
layer model contains 1/8 protrusion with the radius of the quarter cylinder calculated 
retaining the same volume fraction of the protrusion. The radius of the cylinder is 
calculated as 0.21 mm. The schematic model design is shown below in Fig.3.3.  
 
Fig.3.3 Schematic 3D model of the protrusion layer 
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The layered models have been assigned the unidirectional prepreg properties oriented 
in 1 or 3 directions. The metal region is assigned with Ti64 properties. The prepreg 
material properties are discussed in the materials characterisation section 3.2.2. 
3.2.4.2 Three-dimensional protrusion layer properties model boundary conditions 
The composite layer interfaces and the composite to metal interfaces have been 
assumed to have perfect bonding, because the analysis conducted is elastic (elastic 
material properties). The model has been loaded in 1, 2 and 3-directions separately 
with 0.1% strain. 
The protrusion layer consists of protrusions and composite with certain volume 
fraction based on the protrusion distribution density. The analyses for the 
homogenised properties are based on assumption that the protrusion is perpendicular 
to the joint surface. 
The surfaces in Fig.3.3 are loaded separately in 1, 2 and 3-directions respectively. 
The reaction forces were calculated for 1, 2 and 3-direction loadings respectively and 
based on which the engineering constants of the protrusion layer have been obtained, 
see Table.3.5.  
Table.3.5 The engineering constants of the protrusion layer 
E1 [GPa] E2 [GPa] E3 [GPa]  
65.18 24.53 65.17 
      
ν12 ν13 ν21 ν23 ν31 ν32 
0.30 0.080 0.11 0.11 0.080 0.30 
As discussed before, the fibre axis of the 0 and 90 degrees UD prepreg lie in 1-
direction and 3-direction respectively, and following the assumption of the protrusion 
layer, all protrusions are in 2-direction, therefore the protrusion layer is orthotropic. 
And again the orthotropic material stiffness matrix can be calculated for application 
in ABAQUS. 
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The stiffness matrix for orthotropic material properties was calculated for the 
protrusion layer and is shown in Table.3.6 [ABAQUS, 2005] 
The stiffness matrix for the homogenised orthotropic material properties of the 
protrusion layer will be applied for the protrusion layer partitions of all the 2D global 
models. 
Table.3.6 The stiffness matrix for orthotropic material in ABAQUS 
Dijkl,         
1111 2222 3333 1122 1133 2233 1212 1313 2323 
69.41 25.73 67.61 10.46 21.95 4.54 4.31 5.28 4.31 
3.3 Two Dimensional Modelling methods 
Geometries of the protrusion are shown in Fig.3.4. The definition of the protrusion 
angle and shape is also included. The hill shape protrusion with different angle was 
configured keeping the same volume fraction as the protrusion in the composite. The 
unit cell is then taken as the cross section of the configuration. 
 
Fig.3.4 Geometries of the unit cell models for different protrusion angle and shape 
The 2D modelling investigates the geometric parameters influence on the stress states 
locally around the individual protrusion. A large number of protrusions are located on 
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the metal surface with certain patterns (can be varied), therefore, there are two clear 
cases to be considered: repetitive protrusion in the middle of the joint step and the 
protrusion next to the step edges. The flow chart of the modelling scheme is shown in 
Fig.3.5. To investigate the protrusions on the joint step, two different cases were 
investigated, and they are the protrusions in the middle of the joint step and on the 
joint step edge. In this section, the two-dimensional global model was analysed, see 
section 3.3.1; and the finite element model methods are discussed in the cases of 
repetitive protrusions, see 3.3.2, and protrusions on the step edge, see 3.3.3. The 
results will be presented in Chapter 4. The elements used for the two dimensional 
analyses were plane strain quadrilateral element. 
 
Fig.3.5 Flow chart for two-dimensional analysis 
3.3.1 Two dimensional global model 
Due to symmetry of double step joints, only half of the joint needs to be analysed. 
The schematic diagram for the global model with detailed protrusions is shown in 
Fig.3.6. The global model is 3 mm thick and 150 mm long, with 15 mm long and 1 
mm deep steps. There are 11 protrusions on the steps. With dotted rectangles, the 
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positions of the repetitive protrusion (the seventh from the step edge) and protrusion 
on the joint step edge are marked. The number of elements used for the global model 
is around 280,000. Mesh density study was carried out with four times the number of 
elements. Identical results were obtained. The mesh density studies were also carried 
out for other models. 
 
Fig.3.6 Schematic diagram of the global model with detailed protrusions 
The global model was loaded with 1 MPa pressure on the right edge, and appropriate 
constraints were applied according to the symmetry, see Fig.3.6. The left edge of the 
global model was constrained in the axial direction and free to move in the through-
thickness direction, and the bottom edge of the global model was constrained in the 
through the thickness direction and free to move in the axial direction. 
3.3.2 Repetitive Protrusions 
The 2D modelling investigates the geometric parameters influence on the stress states 
locally around the individual protrusion. Considering the large number protrusions 
 
Repetitive 
protrusion 
End 
protrusion 
Global model 
Titanium alloy Composites 
1 
2 
Chapter 3  The Finite Element Methods 
 
90 
 
located on the metal surface with certain patterns, a repetitive cell as shown in Fig.3.7 
can be used for the analysis. 2D models are based on the repetitive condition and 
include only one protrusion. These unit cell models are used to investigate the 
geometric parameters effects. In Fig.3.7, R represents the radius of the protrusion and 
ph  is the height of the protrusion; bh  is the height of the metal base which is 1mm; L 
is the width of the unit cell, 1.36 mm; H represents the unit cell height is taken to 3 
mm; the protrusion angle is α. The material applied for the global models are titanium 
alloy, Ti64, and cross-ply prepreg composites, AS4/8552 (homogenised). For the 
angle effect, the protrusion height hp was kept as 1 mm and the three dimensional 
volume of the protrusion was kept the same throughout the angle analysis. The 
number of elements used for the angle effect is around 8,000 and the number of 
elements used for the height effect is around 9,800. 
 
 
Fig.3.7 Geometry of a unit cell model with protrusion 
By considering the symmetry of structure, the displacement and traction for both 
sides of the unit cell can be presented, as shown in Fig.3.7, as 
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 and 
0),0(),(
0),0(),(
2222
2121


xtxLt
xtxLt
       Eq.3.2 
where 0U  denotes the relative movement between these two sides as shown in Fig.3.8, 
which is constant. The boundary conditions on bottom are 
0)0 ,(
0)0 ,(
11
12


xt
xu
         Eq.3.3 
and the top is free.  
 
  
                                                   
Fig.3.8 Deformation and boundary conditions on the unit cell 
The constant 0U  should be determined by the equilibrium condition 

H
dyyLtFU
0
*
100 ),(/
        Eq.3.4 
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where 0F  is the applied force at the end and ),(
*
1 yLt  is the traction distribution for a 
unit relative movement 10 U . 
The detailed study for the boundary conditions can be found in the published paper 
reproduced in Appendix A. The model was loaded with concentrated force on the 
right corner node, and the force was redistributed on the right edge equivalent to 1 
MPa according to the repetitive symmetry. 
Results of the composite region around the repetitive protrusion 
The deformed shape of the perpendicular and angled protrusion for the unit cell 
model is shown in Fig.3.9. 
 
Fig.3.9 Deformed shape with von Mises stress concentration contour results (a) 
perpendicular protrusion, and (b) 30 degree protrusion (the deformation scale factor 
is 20,000). 
The perpendicular protrusion unit cell model deforms symmetrically, while the 30 
degree protrusion unit cell model deforms with repetitively curved side edges. The 
load applied is 1 MPa. However, the deformation in 1-direction of the 30 degree 
  
 
(a) (b) 
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protrusion unit cell model is very small (roughly 4% of the average deformation of 
the side in 1-direction), see Fig.3.9 (b). Therefore, the simplification that the 30 
degree protrusion unit cell model side edges are straight may be applied under 
repetitive boundary conditions and tensile loading. 
The stress concentrations of the protrusion region are compared with the global 
model result and shown in Fig.3.10, Fig.3.11 and Fig.3.12 for axial, peel and shear 
stress. The maximum stress concentrations are marked in the figures. The maximum 
stress concentrations are also listed in Table.3.7, Table.3.8 and Table.3.9. Stress 
distributions for all the stress components are similar for the global model and the 
unit cell model. Minus sign indicates compression for the peel stress and change of 
direction for shear stress. 
 
Fig.3.10 Axial stress concentration contour results of the composite region for the 
global model with detailed geometries (a); unit cell model (b) 
 
Table.3.7 Maximum concentration of axial stresses for the composite region 
 Global Model Unit cell Model 
σ11/σ 8.95e-1 8.95e-1 
(a) (b) 
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Fig.3.11 Peel stress concentration contour results of the composite region for the 
global model with detailed geometries (a); unit cell model (b) 
 
Table.3.8 Maximum concentration of peel stresses for the composite region 
 Global Model Unit cell Model 
σ22/σ 4.66e-2 4.75e-2 (+1.9%) 
 
 
Fig.3.12 Shear stress concentration contour results of the composite region for the 
global model with detailed geometries (a); unit cell model (b) 
 
 
  
(a) (b) 
(a) (b) 
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Table.3.9 Maximum concentration of shear stresses for composite region 
 Global Model Unit cell Model 
σ12/σ 3.46e-2 3.97e-2 (+14.7%) 
Stress distributions are almost symmetrical for the protrusion from the global model. 
Only in the case of shear stress, the stress distribution is slightly unsymmetrical. The 
values of the maximum stress concentrations are similar for the global and unit cell 
models, as well as the location of the maximum stress. 
These results show that the unit cell model and the global model are in agreement for 
the repetitive protrusions. 
3.3.3 Protrusions on the joint step edge 
To study stress distribution around the end protrusion on the Comeld 
TM
 joint first 
step edge, simply repetitive boundary conditions cannot be applied anymore. 
Therefore, new models need to be developed to study the end protrusion. The global 
model with detailed protrusions can be used as reference to check the new models. 
Several strategies were developed to study the end protrusion for the global tensile 
loading condition. 
3.3.3.1 Perpendicular protrusions 
For the perpendicular protrusion case, there are three strategies based on multiple 
protrusions and the unit cell models. They are listed and described below. 
Strategy A 
To recreate the correct local loading condition, two set of models are developed, 
shown in Fig.3.13 (a) and (b). Model 1 includes two protrusions with detailed 
geometry and composite with two units of protrusion unit cell model width. Model 2 
includes one protrusion with detailed geometry, one unit cell model width region with 
homogenised protrusion properties and homogenised composite region with two units 
of protrusion width. The boundary conditions applied are the same for these two 
Chapter 3  The Finite Element Methods 
 
96 
 
models, which are shown in Fig.3.13 (a) and (b). The left edge of the entire model 
was constrained in 1-direction and free to move in 2-direction, this is to represent that 
repetitive boundary conditions resulting in straight side for the perpendicular 
protrusions; bottom edge, the symmetry line, was constrained with symmetry in 2-
direction; the right edge of the entire model was loaded with uniform pressure of 1 
MPa. The number of elements used is around 40,000. 
 
Fig.3.13 Schematic illustration of Strategy A, Model 1 (a) and Model 2 (b) 
Strategy B 
To simulate the end protrusion, a line of 6 protrusions is created, where the right hand 
side represents the edge of the step and left hand side represents the middle of the 
step, see Fig.3.14. This line of protrusions includes detailed protrusion geometries. 
The boundary conditions applied are, the left edge was constrained in 1-direction 
(similarly to Strategy A, for the representation of the repetitive boundary conditions), 
and free to move in 2-direction; bottom edge, the symmetry line, was constrained in 
2-direction with symmetry. Load was applied on the right edge of the entire model. 
(a) 
(b) 
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The load applied was extracted from the global model as described in Appendix B. 
The number of elements used is around 60,000. 
 
Fig.3.14 Schematic illustration of Strategy B 
Strategy C 
By applying different boundary conditions, a single unit cell model can be considered 
to study the end protrusion, see Fig.3.15. For the purpose of representing the end 
protrusion, the unit cell models from the repetitive simulations were used with 
repetitive boundary conditions on the left edge and extracted load from the global 
model as described above. The number of elements used is around 10,000. 
 
Fig.3.15 Schematic illustration of Strategy C 
Results of the composite region around the end protrusion 
The stress contour results are shown in Fig.3.16 to Fig.3.18 for the composite regions 
of the end protrusion in various strategies. The locations of the maximum stresses are 
marked with circle on each of the contour results. The maximum values are listed in 
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Table.3.10 to Table.3.15. For peel and shear stresses, minus values indicate change in 
stress direction. 
For the composite region of the end protrusion, stress components for the axial, peel 
and shear stress are compared. Specific regions were selected at different areas of 
stress concentration to examine the modelling strategies in detail. 
Fig.3.16 shows the axial stress contour results of different strategies. With the same 
scale, stress distributions are similar to the global model end protrusion except 
Strategy C, Fig.3.16 (e). Four regions from the global model result were chosen to 
compare the local stress concentration, see Fig.3.16 (a). The stress values for the 
different regions are listed in Table.3.10. The maximum stress values are in different 
regions for different strategies. In region I, II and III, all strategies show good 
agreement with the global model in terms of location and value of the stress 
concentration; the difference is less than 5%. For region IV, all strategies show more 
than 5% differences compared with the global model. This may be caused by the 
interface; load is transferred from right hand side into the joining system, therefore, 
different boundary conditions will result in different stress concentration. That is 
most obvious at this location. 
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Fig.3.16 Axial stress concentration contour results of the top of protrusion region for 
the global model with detailed geometries (a); Strategy A Model 1 (b); Strategy A 
Model 2 (c); Strategy B (d); Strategy C (e). 
I 
II III 
IV (a) (b) 
(c) (d) 
(e) 
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Table.3.10 Maximum concentration of axial stresses for the top of protrusion region 
of various models 
 
Global 
Model 
Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B Strategy C 
σ11/σ Zone I 0.876 
0.836 
(-4.6%) 
0.839 
(-4.2%) 
0.893 
(+1.9%) 
0.835 
(-4.7%) 
σ11/σ Zone II 0.984 
1.014 
(+3.0%) 
0.999 
(+1.5%) 
0.988 
(+0.4%) 
1.012 
(+2.8%) 
σ11/σ Zone III 1.027 
1.057 
(+2.9%) 
1.048 
(+2.0%) 
1.026 
(-0.1%) 
1.010 
(-1.7%) 
σ11/σ Zone IV 1.130 
0.962 
(-14.9%) 
0.962 
(-14.9%) 
1.189 
(+5.2%) 
1.002 
(-11.3%) 
 
For peel stress, the stress distributions appear to be similar for Fig.3.17 (a), (b), (c) 
and (d), but the locations of the maximum stress values differed. Similarly, two stress 
concentration regions from the global model were selected and compared, see 
Fig.3.17 (a). The maximum values of the peel stress concentration for the selected 
regions are listed in Table.3.11. Strategy C shows different stress distribution to the 
global model, and also shows large difference in stress concentration, more than 50%, 
for Zone I, and little difference, less than 2%, for Zone II. This suggests Strategy C is 
not stable or not accurate for the peel stress to represent the end protrusion in the 
global model. Strategy A Model 2 displays large difference in Zone II, 35.7%, 
indicating this model is not accurate or stable for representing the global model end 
protrusion. Around the top of the protrusion, the maximum stress is in compression 
and therefore is considered not important for the failure process. 
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Fig.3.17 Peel stress concentration contour results of the top of protrusion region for 
the global model with detailed geometries (a); Strategy A Model 1 (b); Strategy A 
Model 2 (c); Strategy B (d); Strategy C (e). 
I 
II 
(a) (b) 
(c) (d) 
(e) 
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Table.3.11 Maximum concentration of peel stresses for the top of protrusion region 
of various models 
 
Global 
Model 
Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B Strategy C 
σ22/σ Zone I 8.023e-2 
7.625e-2 
(-4.9%) 
9.269e-2 
(+15.5%) 
7.581e-2 
(-5.5%) 
3.956e-2 
(-50.7%) 
σ22/σ Zone II 4.788e-2 
5.296e-2 
(+10.6%) 
6.496e-2 
(+35.7%) 
4.764e-2 
(-0.5%) 
4.709e-2 
(-1.6%) 
 
For shear stress, shown in Fig.3.18, location of the maximum stress values and stress 
distributions are similar to each other, however they are different compared to the 
global model end protrusion. Four regions from the global model were selected, see 
Fig.3.18 (a). The maximum values of the shear stress for these regions are listed in 
Table.3.12. For Strategy A Model 2, Fig.3.18 (c), the maximum values difference for 
the four regions can be as high as 37.3%. Strategy A Model 1 and Strategy B results 
show less difference in these regions, 12.7% and 9.3% respectively. The comparison 
of results for the different zones is shown in Fig.3.19. 
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Fig.3.18 Shear stress concentration contour results of the top of protrusion region for 
the global model with detailed geometries (a); Strategy A Model 1 (b); Strategy A 
Model 2 (c); Strategy B (d); Strategy C (e). 
IV I 
II 
III 
(a) (b) 
(c) (d) 
(e) 
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Table.3.12 Maximum concentration of shear stresses for the top of protrusion region 
of various models 
 
Global 
Model 
Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B Strategy C 
σ12/σ Zone I 8.739e-2 
8.225e-2 
(-5.9%) 
1.051e-1 
(+20.3%) 
8.919e-2 
(+2.1%) 
5.307e-2 
(-39.3%) 
σ12/σ Zone II 8.423e-2 
7.283e-2 
(-13.5%) 
7.748e-2 
(-8.0%) 
8.720e-2 
(+3.5%) 
4.170e-2 
(-50.5%) 
σ12/σ Zone III 6.033e-2 
7.039e-2 
(+16.7%) 
7.560e-2 
(+25.3%) 
6.819e-2 
(+13.0%) 
4.229e-2 
(-29.9%) 
σ12/σ Zone IV 8.606e-2 
9.869e-2 
(+14.7%) 
1.182e-1 
(+37.3%) 
1.019e-1 
(+18.4%) 
6.680e-2 
(-22.4%) 
Fig.3.19 Shear stress concentration contour results comparisons for the marked 
zones. 
The stress concentration results show that for the perpendicular protrusions, Strategy 
C is not suitable to represent the end protrusion from the global model; Strategy A 
Model 1 seems to be the best strategy to simulate the perpendicular end protrusion 
behaviour of the joint under tension. The consideration is whether this strategy is also 
the best to simulate angled end protrusions. 
0.00E+00
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3.3.3.2 Protrusions at 30 degrees against the loading direction 
Due to the poor results presented by Strategy C, it is abandoned for further analysis. 
Only Strategy A and B are studied in this part. Similarly to the perpendicular case, 
global model with detailed 30 degree protrusions was created and analysed as before. 
Strategy A 
To recreate the correct local loading condition, two set of models are developed 
similar to models shown in Fig.3.13 (a) and (b), but with 30 degree protrusion. Model 
1 includes two protrusions with detailed geometry and composite with two units of 
protrusion width. Model 2 includes one protrusion with detailed geometry, one unit 
width region with homogenised protrusion region and two units of protrusion width 
homogenised composite. The boundary conditions applied are the same for these two 
models. The left edge of the entire model was constrained in 1-direction; bottom edge, 
the symmetry line, was constrained with symmetry in 2-direction; the right edge of 
the entire model was loaded with uniform pressure of 1 MPa. 
Strategy B 
A line of 6 protrusions at 30 degrees is created, where the right hand side represents 
the edge of the step and left hand side represents the middle of the step, similar to 
Fig.3.14. This line of protrusions includes detailed protrusion geometries. The 
boundary conditions applied are, the left edge was constrained in 1-direction; bottom 
edge, the symmetry line, was constrained in 2-direction with symmetry. Load was 
applied on the right edge of the entire model. The load applied was extracted from the 
global model as described in Appendix B. 
Results of the composite region around the end protrusion 
The stress concentration contour results are shown in Fig.3.20 to Fig.3.22 for the 
composite region around top of the protrusion. The locations of the maximum stresses 
are marked with circle on each of the contour results. The maximum values are listed 
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in Table.3.13 to Table.3.15. For peel and shear stresses, minus values indicate change 
in stress direction. 
For the composite region of the end protrusion at 30 degrees, similarly, stress 
components for the axial, peel and shear stress are compared. Specific regions were 
selected from the stress concentrations in the global model. These comparisons were 
used to examine the modelling strategies further. 
Fig.3.20 shows the axial stress contour results of different strategies. Stress 
distributions are similar to the global model end protrusion. Four regions from the 
global model result were chosen to compare the local stress concentration, see 
Fig.3.20 (a). The stress values for different region are listed in Table.3.13. The 
maximum stress values locate in different regions for different strategies. In region I, 
II and III, all strategies show good agreement with the global model in terms of 
location and value of the stress concentration; the difference is less than 4%. For 
region IV, all strategies show more than 9% differences compared with the global 
model. Again, this may be caused by the interface; load is transferred from right hand 
side into the joining system, therefore, different boundary conditions will result in 
different stress concentration which is most obvious at this location. 
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Fig.3.20 Axial stress concentration contour results of the top of protrusion region for 
the global model with detailed geometries (a); Strategy A Model 1 (b); Strategy A 
Model 2 (c); Strategy B (d). 
 
Table.3.13 Maximum concentration of axial stresses for the top of protrusion region 
of various models 
 Global Model 
Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B 
σ11/σ Zone I 9.292e-1 
8.957e-1 
(-3.6%) 
9.292e-1 
(0%) 
9.526e-1 
(+2.5%) 
σ11/σ Zone II 9.709e-1 
9.972e-1 
(+2.7%) 
9.757e-1 
(+0.5%) 
9.729e-1 
(+0.2%) 
σ11/σ Zone III 1.060 
1.067 
(+0.7%) 
1.053 
(-0.7%) 
1.058 
(-0.2%) 
σ11/σ Zone IV 1.114 
9.579e-1 
(-14.0%) 
9.701e-1 
(-12.9%) 
1.007 
(-9.6%) 
III 
I 
II 
IV (a) (b) 
(c) (d) 
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For peel stress, see Fig.3.21, the stress distributions appear to be similar as well as the 
locations of the maximum stress values. Similarly, two regions from the global model 
were selected, see Fig.3.21 (a). The maximum values of the peel stress for the 
selected regions are listed in Table.3.14. Strategy A Model 2 shows a big difference 
in Zone I and II, about 15%, indicating this model is not accurate or stable for 
representing the global model end protrusion. Strategy A Model 1 shows smaller 
variation with the global model results for Zone I and a slight bigger difference in 
Zone II, 12.6%. Strategy B shows similar results in Zone I and II compared to the 
global model. 
                   
                   
Fig.3.21 Peel stress concentration contour results of the top of protrusion region for 
the global model with detailed geometries (a); Strategy A Model 1 (b); Strategy A 
Model 2 (c); Strategy B (d). 
I 
II 
(a) (b) 
(c) (d) 
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Table.3.14 Maximum concentration of peel stresses for the top of protrusion region 
of various models 
 Global Model 
Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B 
σ22/σ Zone I 4.265e-2 
4.601e-2 
(+7.9%) 
4.908e-2 
(+15.1%) 
3.990e-2 
(-6.4%) 
σ22/σ Zone II 5.423e-2 
6.108e-2 
(+12.6%) 
6.256e-2 
(+15.4%) 
5.379e-2 
(-0.8%) 
 
For shear stress, shown in Fig.3.22, location of the maximum stress values vary, but 
the stress distributions are similar to the global model end protrusion. Four regions 
from the global model were selected, see Fig.3.22 (a). The maximum values of the 
shear stress for these regions are listed in Table.3.15. For Strategy A Model 1, 
Fig.3.22 (b), the maximum values difference for the four regions varies from -1.2 and 
-2.2% in Zone I and III, 17.5% in Zone IV, to 30% in Zone II. Strategy A Model 2 
shows higher maximum values in these zones, with more than 10% in Zone I II and 
IV, 3.6% in Zone III. Strategy B shows smaller variations for Zone I and IV, 7.5% 
and 0.5%, and large variations for Zone II and III, 12.4% and 45.5.%. The 
comparisons of results for different zones are shown in Fig.3.23. 
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Fig.3.22 Shear stress concentration contour results of the top of protrusion region for 
the global model with detailed geometries (a); Strategy A Model 1 (b); Strategy A 
Model 2 (c); Strategy B (d). 
 
Table.3.15 Maximum concentration of shear stresses for the top of protrusion region 
of various models 
 Global Model 
Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B 
σ12/σ Zone I 8.852e-2 
8.657e-2 
(-2.2%) 
9.956e-2 
(+12.5%) 
9.517e-2 
(+7.5%) 
σ12/σ Zone II 4.853e-2 
6.310e-2 
(+30.0%) 
5.408e-2 
(+11.4%) 
5.453e-2 
(+12.4%) 
σ12/σ Zone III 4.166e-2 
4.118e-2 
(-1.2%) 
4.316e-2 
(+3.6%) 
2.272e-2 
(-45.5%) 
σ12/σ Zone IV 8.833e-2 
1.038e-1 
(+17.5%) 
1.087e-1 
(+23.1%) 
8.790e-2 
(-0.5%) 
 
II 
I 
III 
VI (a) (b) 
(c) (d) 
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Fig.3.23 Shear stress concentration contour results comparisons for the marked 
zones. 
The stress concentration results show that Strategy B is not suitable to represent the 
end protrusion from the global model; Strategy A Model 1 seems to be the best 
strategy to simulate the 30 degree end protrusion behaviour of the joint under tension. 
Stress profiles of both edges of the end protrusion 
To gather further proof for the strategy selection, the stress concentration profile are 
taken from top to the bottom of the protrusion models (left and right edges). For the 
axial stress, all strategies shows resonably good agreement with the global model 
results. However, for the peel and shear stress profiles, the stress concentration 
profiles shows difference between the strategies. 
Peel stress concentration on both sides are examined in Fig.3.24 and Fig.3.25. On the 
left side, before the joint step except for Strategy A Model 2, all other strategies were 
close to the global model result. When it reached the titanium alloy region, stress for  
Strategy A models have similar shapes compare with the global model, but show 
higher concentrations, whereas Strategy B shows lower concentrations with a similar 
shape. Strategy A Model 2 displays a very different stress concentration on the left 
0.00E+00
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side of the model. This is considered due to the homogenised composite region for 
simplification. 
On the right side, Strategy A models show a reasonable agreement with the global 
model, whereas Strategy B shows much more variations, see Fig.3.24. These are 
considered to be caused by the loading on the right side of the model. 
 
 
 
Fig.3.24 Peel stress concentration on the left side of the end protrusion at 30 degrees 
for the global model and all the strategies. 
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Fig.3.25 Peel stress concentration on the right side of the end protrusion at 30 
degrees for the global model and all the strategies. 
Shear stress concentration on both left and right side is shown in Fig.3.26 and 
Fig.3.27.  On the left side, Strategy A Model 2 shows a different response to the load. 
Strategy B shows a very close results with the global model end protrusion, and 
Strategy A Model 1 shows a very good agreement with slightly lower concentrations 
than the global model end protrusion. 
On the right side, Strategy B shows a very different stress profile compare with the 
global model results. Strategy A models show very good agreement with the global 
model, where the maximum concentration at around 2 mm are both higher than the 
global model results. 
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Fig.3.26 Shear stress concentration on the left side of the end protrusion at 30 
degrees for the global model and all the strategies. 
 
 
 
 
Fig.3.27 Shear stress concentration on the right side of the end protrusion at 30 
degrees for the global model and all the strategies. 
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Other stress profiles on the side edges are shown in Appendix C, C.2 and C.4. 
3.3.3.3 Strategy selection 
For the perpendicular protrusion case, with the stress contour results of the whole 
model and the composite region, Strategy A Model 1 and Strategy B can be selected 
as the variations were small. Strategy A Model 1 is the favourite for this case, 
because the stress profiles on right side for Strategy B shows very different stress 
states compared to the global model end protrusion results (see Fig.3.25 and Fig.3.27).  
This is caused by the load was put on this particular side for Strategy B. Strategy A 
Model 2 and Strategy C are considered not suitable, because their large variation with 
the composite region contour results and the stress profiles along both sides. 
Particularly, Strategy C is abandoned for analysis of the 30 degree protrusion case. 
For the 30 degree protrusion case, the same conclusions can be drawn. 
By careful examination of different modelling strategies with stress contours for the 
whole model (see Appendix C C.1 and C.3) and the composite region, and the stress 
profiles on both sides of the end protrusion, Strategy A Model 1 was selected to carry 
out further studies for the end protrusion. 
3.4 Three Dimensional Modelling methods 
The 3D modelling investigates the spatial arrangement and spacing influence on the 
stress states locally around the individual protrusion. Elements used in these analyses 
are hexahedral stress elements. The flow chart of 3D modelling is shown in Fig.3.28. 
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Fig.3.28 Flow chart for three-dimensional analysis 
3.4.1 Three-dimensional global model and submodel design 
To investigate the protrusions spatial distribution and density effects, three-
dimensional global model and submodels were created. 
The geometry of the cross section of the 3D global model with normal in 3-direction 
is the same as the 2D global model mentioned in section 2.1, and it is with half the 
width, 12.5 mm, of the real specimens because of symmetry, see Fig.3.29. 
 
 
 
Fig.3.29 Geometry of the 3D global model with protrusion layers (half the width of 
the specimen) 
The 3D global model cross-section (1-2 plane) has the same geometries with the 2D 
global model and with width of 12.5 mm in the 3-direction (which is the half of the 
3D Global Model 
Submodelling 
Spatial arrangement Spacing 
Length, 150 mm 
 
Width, 12.5 mm 
 
Ti64 
AS4/8552 
Symmetry plane 
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specimen width). For the cross-section geometries, the length of the model is 150 mm, 
and the thickness is 3 mm. The heights of the steps are the same, 1 mm. The 
composite part consists of cross-ply unidirectional carbon prepreg, AS4/8552, as 
[0/90]12. The global model has been created and analysed with linear elastic material 
properties. 
To simulate the protrusion spatial distribution, submodels have been designed from 
the specific region, the dotted rectangle area (and the grey regular tetrahedron) in 
Fig.3.30 and with the same coordinate system as the 3D global model.  
 
Fig.3.30 The grey cubic region, from where the 3D submodels have been created 
They have been created with detailed geometries, which include the existence of the 
protrusions, protrusion distribution density and pattern. The most distant face in the 
positive 1-direction of grey regular tetrahedron with normal in 1-direction is the end 
of the second step of the joint. 
The different pattern submodels are shown in Fig.3.31, the first three models shown 
in Fig.3.31 (a), (b) and (c) have been selected with the same protrusion distribution 
density as the specimens, and half the distribution density with square array for (d). 
Symmetry plane 
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The arrangements, (a) and (d) in Fig.3.31 are arranged with square array. And 
arrangement (c) in Fig.3.31 is arranged as the neighbouring protrusion columns 
(protrusions in 1-direction) shifted in the axial direction for 0.68 mm away from each 
other; and (d) in Fig.3.31 is arranged as (c) turns 90 degrees clockwise in the (1,3) 
plane. The (b) and (c) in Fig.3.31 are near hexagonal or hexagonal like arrays, and (c) 
is similar to the actual Comeld
 TM
 arrangement. 
Protrusions on these submodels are perpendicular to the metal surface, and the cross 
section has the same geometric parameters as the 2D perpendicular model. For the 
first three submodels, the size of the model is the same, and due to the half 
distribution density, the last submodel (Fig.3.31 (d)) has a different size (large enough 
to contain 9 square array protrusions). The hexagonal arrangement submodel, 
Fig.3.31 (b), is not an exact regular hexagonal array due to the spatial arrangement 
difficulties. Mathematically, it is impossible to fit 16 protrusions hexagonally within a 
square area with the size of the submodel. 
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(a) Square array spatial arrangement, with the measured distribution density 
Fig.3.31 3D submodels with different protrusion distribution pattern, arranging with 
(a) square array, (b) hexagonal array, (c) same as specimen, and (d) half distribution 
density and square array. 
1.36 mm 
5.44 mm 
5.44 mm 
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Fig.3.31 Continued. (b) Hexagonal array spatial arrangement (rotated specimen 
spatial arrangement), with the measured distribution density 
1.36 mm 
5.44 mm 
5.44 mm 
1.36 mm 
0.68 mm 
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Fig.3.31 Continued. (c) Specimen spatial arrangement, with the measured 
distribution density (close to the specimen arrangement) 
1.36 mm 
5.44 mm 
5.44 mm 
1.36 mm 
0.68 mm 
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Fig.3.31 Continued. (d) Square array spatial arrangement, with half the measured 
distribution density 
The materials used for the 3D global model and submodels are cross ply AS4/8552 
prepreg, and Ti64. The composite area in the model has been assigned with 
homogenised cross-ply [0/90]2S properties calculated based on the classic laminate 
theory and simulation (see section 3.2.3). 
3.4.2 Three-dimensional global model and submodel boundary conditions 
Perfect bonding is assumed for the interfaces between different regions. The 3D 
global model is loaded in tension with displacement on one end face (Fig.3.31 the 
most distant face in positive 1-direction with normal of 1-direction), with the opposite 
end face fixed against movement in the tension direction, and two faces (Fig.3.31 the 
1.93 mm 
5.77 mm 
5.77 mm 
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lowest face with normal in the 2-direction and the most distant face with normal in 
the negative 3-direction) fixed against movement in the transverse directions 
respectively due to model symmetry. 
The 3D submodel boundary conditions are set up with the global model results, i.e. 
submodels have been driven by the global model local results, see Fig.3.30. Note that, 
for the case of the lower distribution density (d in Fig.3.31), the protrusion layer 
properties used for the global model was modified respectively. 
3.5 Summary 
The modelling methods for 2 and 3-dimensional investigation have been presented in 
this chapter. The detailed model design and boundary conditions were discussed. 
There were two cases considered for the 2-dimensional investigation for the repetitive 
protrusions in the middle of the joint step and the protrusions on the edge of the joint 
step. The effects of the height, angle and shape are investigated and presented in 
Chapter 4. 
Submodelling was used to investigate the protrusion spatial arrangements effects, 
including distribution pattern and distribution spacing. The results are presented in 
Chapter 5. 
A example of the mesh is shown in Fig.3.32. The example of the mesh sensitivity 
studies was shown in Optimisation of the protrusion geometry in Comeld ™ joints 
[Tu et al., 2011]. 
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Fig.3.32 Example mesh of the end protrusion model Strategy A Model 1 
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4  
GEOMETRIC EFFECTS OF THE PROTRUSIONS 
WITH TWO DIMENSIONAL MODELS 
4.1 Introduction 
In this chapter, the results of the two dimensional analyses are presented and 
discussed in detail. Results are included from the 2D global model and the unit cell 
model with various geometric parameters. The geometric effects include the height, 
shape and angle of the protrusion. According to Chapter 3, there are two situations to 
be considered, i.e. the repetitive case and the protrusion on the edge of the joint step 
as described in sections 4.2 and 4.3. The height, angle and shape effects are explored 
for both repetitive protrusions and protrusions on the joint step edge. 
Results presented in this chapter were normalised with respect to the applied stress. 
This chapter describes the stress distributions predicted by the simulations. The 
significance of those stress distributions to the failure processes is described in 
Chapter 6. 
4.2 Results for the repetitive protrusions 
The effects of the geometric parameters including protrusion height, shape and angle 
are presented in this section. The stress concentration contour results of the whole 
model are shown in Appendix D. In this work the values of shear stress and 
concentrations are the absolute values. 
4.2.1 Effect of the protrusion height 
The height of the protrusion was defined in Chapter 3, Fig.3.4. For the effects of the 
protrusion height, the cases of 0.50 mm to 1.75 mm with 0.25mm increments were 
analysed. The stress concentration contour results of the composite region are shown 
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in figures, Fig.4.1 for the axial stress, Fig.4.2 for the peel stress and Fig.4.3 for the 
shear stress. 
The observed failure of the joint occurs in the composite region on top of the 
protrusions, see Chapter 6. Therefore, the stress status of the composite region should 
be examined carefully, especially at the top of the protrusion region.  
For axial stress concentration, the contour results are shown in Fig.4.1 and the 
maximum stress concentrations are listed in Table.4.1. 
 
Fig.4.1 Axial stress concentration contour results in the composite region with 
different protrusion height 
Stress distributions are symmetrical and mainly concentrated in the regions at both 
sides of the protrusion. There is not any particular point of stress concentration; the 
stress concentration spreads with the height of the protrusion. The maximum axial 
stress concentration lowers with the increase of the protrusion height. This is 
considered to be caused by the increase of the contact area. 
0.50 mm 0.75 mm 1.00 mm 
1.25 mm 1.75 mm 1.50 mm 
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Table.4.1 Maximum axial stress concentration in the composite region with different 
protrusion height 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σ11/σ 9.18e-1 9.08e-1 8.95e-1 8.79e-1 8.64e-1 8.49e-1 
For the peel stress concentration, the contour results are shown in Fig.4.2, and the 
stress distributions are symmetrical; and the maximum concentrations are listed in 
Table.4.2. The locations of the maximum stress concentration are marked with a 
circle in Fig.4.2.  
 
Fig.4.2 Peel stress concentration contour results in the composite region with 
different protrusion height 
 
Table.4.2 Maximum peel stress concentration in the composite region with different 
protrusion height 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σ22/σ 4.64e-2 5.06e-2 5.06e-2 4.98e-2 4.89e-2 4.78e-2 
 
0.50 mm 
 
0.75 mm 1.00 mm 
1.25 mm 1.50 mm 1.75 mm 
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The location for the maximum stress concentration is along the edges of the 
protrusion, near the top for lower heights; then remaining at around the same height 
for higher protrusions. The maximum value of stress concentration reaches highest 
value with 1mm high protrusion. However, the variation is around or less than 3% for 
the height of 0.75 to 1.75 mm, and much lower for the 0.50 mm protrusion. 
For the shear stress concentration, the contour results are shown in Fig.4.3 and the 
maximum stress concentrations are listed in Table.4.3. The negative value for the 
shear stress indicates the change of direction. Stress distributions are symmetric and 
stress concentration occurs at the top of the protrusion for all protrusion heights as 
marked in Fig.4.3. 
 
Fig.4.3 Shear stress concentration contour results in the composite region with 
different protrusion height 
 
 
0.50 mm 0.75 mm 1.00 mm 
1.25 mm 1.50 mm 1.75 mm 
I 
II 
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Table.4.3 Maximum shear stress concentration in the composite region with different 
protrusion height 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σ12/σ Zone I 5.90e-2 5.54e-2 5.37e-2 5.30e-2 5.18e-2 4.96e-2 
σ12/σ Zone II 2.45e-2 3.03e-2 3.33e-2 3.44e-2 3.52e-2 3.80e-2 
The area for stress distribution along the protrusion side is always smaller than the 
stress concentration at the tip of the protrusion top and bigger with the protrusion 
height. The maximum stress concentration decreased with the increase of protrusion 
height, see Table.4.3. The trend is clear for the protrusion height effects on the 
maximum shear stress concentration. 
4.2.2 Effect of protrusion angle for the parallel shape protrusions 
The angle of the protrusion was defined in Chapter 3, Fig.3.4. The protrusion angle 
effects and the stress concentration contour results for the composite region are 
shown in Fig.4.4 for axial stress, Fig.4.5 for peel stress and Fig.4.6 for the shear stress. 
 
Fig.4.4 Axial stress concentration contour results in the composite region with 
different protrusion angle 
-30 ° -20 ° -10 ° 
0 ° 20 ° 30 ° 10 ° 
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For the axial stress in the composite region, see Fig.4.4, stress concentration occurs at 
the sides of the protrusion. There is not any significant stress concentration at the top 
of the protrusion region. Maximum stress concentration occurs at the foot of the 
protrusion. The stress distributions are symmetric for the same absolute protrusion 
angle. Maximum stress concentration varies slightly for different protrusion angle, 
see Table.4.4. 
Table.4.4 Maximum axial stress concentration in the composite region with different 
protrusion angle 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ11/σ 9.55e-1 9.34e-1 9.41e-1 8.95e-1 9.41e-1 9.34e-1 9.55e-1 
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For the peel stress, the stress concentration contour results are shown in Fig.4.5. 
Stress distributions are symmetric for the same absolute protrusion angle as well as 
the maximum stress concentration location. For the perpendicular protrusion, the 
stress concentration occurs at the sides of the protrusion top with the lowest 
concentration level, see Table.4.5. 
 
Fig.4.5 Peel stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.5 Maximum peel stress concentration in the composite region with different 
protrusion angle 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ22/σ 5.70e-2 5.74e-2 5.70e-2 5.06e-2 5.70e-2 5.74e-2 5.70e-2 
In Fig.4.6, for the shear stress concentration, negative value indicates the change of 
shear stress direction. The stress distribution is symmetric for the same absolute 
protrusion angle with opposite directions. Maximum stress concentrations occur at 
the foot of the protrusions despite protrusion angle change. The stress concentrations 
of two zones marked in Fig.4.6 are listed in Table.4.6. The concentration values for 
-30 ° -20 ° -10 ° 
0 ° 20 ° 30 ° 10 ° 
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Zone II are minus, indicating the direction change compare with Zone III. The trends 
for the two zones are both linear and symmetric, and are reversed for the different 
protrusion angle, see Fig.4.7. 
 
Fig.4.6 Shear stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.6 Maximum shear stress concentration in the composite region with different 
protrusion angle for zones marked in Fig.4.6 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ12/σ Zone I 1.95e-2 2.48e-2 2.96e-2 3.34e-2 3.51e-2 3.09e-2 2.04e-2 
σ12/σ Zone II 4.71e-2 4.84e-2 5.14e-2 5.37e-2 5.76e-2 6.02e-2 6.43e-2 
σ12/σ Zone III 6.43e-2 6.02e-2 5.76e-2 5.37e-2 5.14e-2 4.84e-2 4.71e-2 
σ12/σ Zone IV 2.04e-2 3.09e-2 3.51e-2 3.33e-2 2.96e-2 2.48e-2 1.95e-2 
 
 
I
  
III  
-30 ° -20 ° -10 ° 
0 ° 10 ° 20 ° 30 ° 
II  
IV 
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Fig.4.7 Maximum shear stress concentration with different protrusion angle for 
marked zones in Fig.4.6 
4.2.3 Effect of protrusion angle for the hill shape protrusions 
 
Fig.4.8 Angle definition for hill shape protrusion (angle shown is minus angle) 
The angle of the hill protrusion is defined in Fig.4.8. The protrusion shapes and 
angles investigated are based on the same spatial volume fraction and height (1mm), 
except for the height analysis. For the effects of the protrusion angle, the stress 
1.00E-02
3.00E-02
5.00E-02
7.00E-02
-30 -20 -10 0 10 20 30
σ
1
2
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Angle [degrees] 
Zone I
Zone II
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Zone IV
  
α 
Chapter 4  Modelling the Geometric Effects 
134 
 
concentration contour results of the composite region are shown in figures, Fig.4.9 for 
the axial stress, Fig.4.10 for the peel stress and Fig.4.11 for the shear stress. 
For the axial stress concentration, results are very similar to the case of the parallel 
stress, see Fig.4.8 and Table.4.7. There is not obvious stress concentration around the 
top of the protrusion, and the maximum stress concentration occurs at the protrusion 
foot. The stress distributions are symmetric for the relative positive and negative 
protrusion angles. 
                
       
Fig.4.9 Axial stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.7 Maximum axial stress concentration in the composite region with different 
protrusion angle 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ11/σ 9.93e-1 9.60e-1 9.29e-1 8.95e-1 9.29e-1 9.60e-1 9.93e-1 
 
-30 ° -20 ° -10 ° 
0 ° 20 ° 30 ° 10 ° 
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For the peel stress, the stress concentration contour results are shown in Fig.4.10. 
Stress distributions are similar to the parallel case. On top of the protrusion region, 
there is not any obvious peel stress concentration. The maximum stress concentration 
occurs on the vertical side of the protrusion. The stress concentration level is lower 
than the case of the parallel protrusions, see Table.4.8. 
                 
         
Fig.4.10 Peel stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.8 Maximum peel stress concentration in the composite region with different 
protrusion angle 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ22/σ 4.45e-2 4.58e-2 4.64e-2 5.06e-2 4.64e-2 4.58e-2 4.45e-2 
In Fig.4.11, for the shear stress concentration, the negative value indicates the change 
of shear stress direction. Similarly to the parallel case, the stress distribution is 
symmetric for the same absolute protrusion angle with opposite directions. The stress 
concentrations of two zones marked in Fig.4.11 are listed in Table.4.9. The stress 
concentration direction for Zone I is the opposite direction for Zone II. The trends for 
-30 ° -20 ° -10 ° 
0 ° 20 ° 30 ° 10 ° 
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the two zones are both symmetric and reversed for the different protrusion angle, see 
Fig.4.12. However the trends are not linear, twenty degree protrusions shows 
maximum shear stress concentrations at the top of the protrusion. 
                 
      
Fig.4.11 Shear stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.9 Maximum shear stress concentration in the composite region with different 
protrusion angle for Zone I and II 
Angle [degrees] -30 -20 -10 0 10 20 30 
σ12/σ Zone I 3.59e-2 3.59e-2 3.64e-2 3.34e-2 3.79e-2 3.23e-2 2.12e-2 
σ12/σ Zone II 4.80e-2 4.92e-2 5.13e-2 5.37e-2 5.58e-2 5.82e-2 5.66e-2 
σ12/σ Zone III 5.65e-2 5.82e-2 5.58e-2 5.37e-2 5.13e-2 4.92e-2 4.80e-2 
σ12/σ Zone IV 2.12e-2 3.23e-2 3.79e-2 3.33e-2 3.64e-2 3.59e-2 3.59e-2 
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Fig.4.12 Maximum shear stress concentration with different protrusion angle for 
marked zones in Fig.4.11 
4.2.4 Effect of protrusion shape for the repetitive protrusions 
For the repetitive case, there is not significant axial stress concentration at the top of 
the protrusion for the composite region. The stress concentrations of peel and shear 
stresses are compared for the different shape. 
The values for the maximum stress concentration at around the top of the protrusion 
region are listed in Table.4.10 for peel stress and Table.4.11 for shear stress, also see 
Fig.4.13 and Fig.4.14. The effect of the shape is clear. 
For the peel stress, in Fig.4.13, the maximum stress concentration occurs at similar 
positions with lower values for the hill shape protrusions; the maximum peel stress 
concentrations are not sensitive to the protrusion angle change for different shapes; 
and values are lower with the hill shape; the location of which changes from the left 
side of the protrusion to the right side when the protrusion angle changes from minus 
to plus. 
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Table.4.10 Maximum peel stress concentration in the composite region with different 
protrusion angle and shape 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ22/σ - parallel 5.70e-2 5.74e-2 5.70e-2 5.06e-2 5.70e-2 5.74e-2 5.70e-2 
σ22/σ - hill 4.45e-2 4.58e-2 4.64e-2 5.06e-2 4.64e-2 4.58e-2 4.45e-2 
 
 
 
Fig.4.13 Maximum peel stress concentration with different protrusion angle and 
shape 
For the shear stress, in Fig.4.14, on top of the protrusions, the trends and values are 
similar for different shape protrusions in Zone II and III (zones are from Fig.4.7 and 
4.12), where hill shape plus and minus 30 degrees protrusion shows lower stress 
concentration for Zone II and III respectively. In Zone I and IV, the stress 
concentrations are smaller than other zones for both shapes. For hill shape protrusion, 
in Zone I, the stress concentration reduces with protrusion angle, and increases in 
Zone IV with protrusion angle. The parallel shape protrusion shows lower stress 
concentration towards metal or composite ends of the joint comparing with the 
perpendicular case. In general, the shape of the diagram for the same shape of 
protrusion appears to be symmetric with protrusion angle. This indicates that angled 
protrusions in the middle of the joint step increase stress concentration slightly. 
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Table.4.11 Maximum shear stress concentration in the composite region with 
different protrusion angle and shape 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ12/σ Zone I - 
parallel 
4.71e-2 4.84e-2 5.14e-2 5.37e-2 5.76e-2 6.02e-2 6.43e-2 
σ12/σ Zone II - 
parallel 
6.43e-2 6.02e-2 5.76e-2 5.37e-2 5.14e-2 4.84e-2 4.71e-2 
σ12/σ Zone I - 
hill 
4.80e-2 4.92e-2 5.13e-2 5.37e-2 5.58e-2 5.82e-2 5.66e-2 
σ12/σ Zone II - 
hill 
5.65e-2 5.82e-2 5.58e-2 5.37e-2 5.13e-2 4.92e-2 4.80e-2 
 
 
Fig.4.14 Maximum shear stress concentration with different protrusion angle and 
shape, the marked zones in Fig.4.6 and Fig.4.11. 
4.3 Results for the protrusions on the joint step edge 
The effects of the geometric parameters including protrusion height, shape and angle 
are presented in this section for the protrusions on the joint step edge. The model 
design can be found in Chapter 3, section 3.3.3. 
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4.3.1 Effect of the protrusion height 
For the effects of the protrusion height, the cases of 0.50mm to 1.75mm with 0.25mm 
increments were analysed. The stress concentration contour results of the composite 
regions are shown in Fig.4.15 for axial stress, Fig.4.17 for peel stress and Fig.4.19 for 
shear stress. 
For the axial stress, there are two zones marked for comparison due to the locations 
of the maximum stress concentration. The maximum stress concentrations for the two 
zones are listed in Table.4.12 and shown in Fig.4.16. For Zone I stress concentration 
increases with protrusion height. For Zone II stress concentration decreases and then 
increases with protrusion height. The levels of stress concentrations for the two zones 
tend to similar value with increasing protrusion height. 
               
                                    
Fig.4.15 Axial stress concentration contour results in the composite region with 
different protrusion height 
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Table.4.12 Maximum axial stress concentration in the composite region with different 
protrusion height for Zone I and II 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σ11/σ Zone I 9.00e-1 9.67e-1 1.01e0 1.04e0 1.06e0 1.07e0 
σ11/σ Zone II 1.08e0 1.06e0 1.06e0 1.06e0 1.06e0 1.06e0 
 
 
Fig.4.16 Axial stress concentration for zones marked in Fig.4.15, in the composite 
region with different protrusion height 
For the peel stress concentration, the contour results are shown in Fig.4.17 and the 
maximum concentrations are listed in Table.4.13. The locations of the maximum 
stress concentration are marked with circle in Fig.4.17. Unlike the repetitive case, the 
maximum stress concentration occurs at the left foot of the protrusions despite the 
height change. The position of the axial stress concentrations of Zone II stays at near 
the top of the protrusion despite the protrusion height. For Zone I, stress 
concentrations increases and then decreases with higher protrusions; for Zone II, 
stress concentrations increases very slightly with higher protrusions, see Table.4.13. 
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Fig.4.17 Peel stress concentration contour results in the composite region with 
different protrusion height 
 
Table.4.13 Maximum peel stress concentration with different protrusion height for 
Zone I and II 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σ22/σ Zone I 7.05e-2 7.16e-2 7.63e-2 6.34e-2 5.90e-2 5.51e-2 
σ22/σ Zone II 4.90e-2 5.27e-2 5.30e-2 5.28e-2 5.23e-2 5.16e-2 
For the shear stress concentration, the contour results are shown in Fig.4.18 and the 
maximum stress concentrations are listed in Table.4.14. The negative value for the 
shear stress indicates the change of direction. Stress distributions changed 
dramatically due to the height of the protrusion change. Maximum stress 
concentration occurs at the top of the protrusion for 0.5mm height protrusion, and at 
the composite-metal interface for all other protrusion heights as marked with circles 
in Fig.4.18. There are six zones selected to further examine the stress concentration, 
see Table.4.14. 
I 
II 
0.50 mm 0.75 mm 1.00 mm 
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Fig.4.18 Shear stress concentration contour results in the composite region with 
different protrusion height 
 
Table.4.14 Maximum shear stress concentration in the composite region with 
different protrusion height for the marked zones 
Height [mm] 0.5 0.75 1.0 1.25 1.5 1.75 
σ12/σ Zone I 8.77e-2 8.07e-2 8.23e-2 6.88e-2 6.57e-2 6.15e-2 
σ12/σ Zone II 7.02e-2 7.44e-2 7.28e-2 6.82e-2 6.35e-2 6.11e-2 
σ12/σ Zone III 7.66e-3 2.02e-2 3.07e-2 3.60e-2 4.10e-2 4.25e-2 
σ12/σ Zone IV 1.08e-1 8.12e-2 7.04e-2 6.43e-2 6.33e-2 5.86e-2 
σ12/σ Zone V 1.52e-2 3.33e-3 7.95e-3 1.85e-2 2.88e-2 4.03e-2 
σ12/σ Zone VI 1.06e-1 1.00e-1 9.87e-2 9.61e-2 9.47e-2 9.33e-2 
For Zone I, II, IV, and VI, generally, the stress concentration reduces for higher 
protrusions. For Zone III and V, generally, the stress concentration increases. The 
trends of the height for the different zones are shown in Fig.4.19. 
I 
II V 
VI 
III & IV 
0.50 mm 0.75 mm 1.00 mm 
1.25 mm 1.50 mm 1.75 mm 
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Fig.4.19 Maximum shear stress concentration at marked zones in the composite 
region with different protrusion height 
In summary, the higher stress concentrations generally reduce with increasing 
protrusion height. 
4.3.2 Effect of protrusion angle for the parallel shape protrusions 
For the effects of the protrusion angle, the cases of -30 to 30 degrees with 10 degrees 
increments were analysed, where the minus angle stands for the protrusion leaning 
towards the metal end of the joint and vice versa.; and the stress concentration 
contour results of the composite region are shown in figures, Fig.4.20 for the axial 
stress, Fig.4.21 for the peel stress and Fig.4.23 for the shear stress. 
For axial stress concentration, the stress distribution is shown in Fig.4.20 and the 
values of stress concentration are listed in Table.4.15. Stress distributions changes 
slightly due to the protrusion angle change. The value of the maximum stress 
concentration hardly changes for both zones. 
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Fig.4.20 Axial stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.15 Maximum axial stress concentration in the composite region with different 
protrusion angle 
Angle [degrees] -30 -20 -10 0 10 20 30 
σ11/σ Zone I 9.95e-1 1.01e0 1.01e0 1.01e0 1.01e0 1.01e0 9.92e-1 
σ11/σ Zone II 1.06e0 1.06e0 1.06e0 1.06e0 1.05e0 1.06e0 1.07e0 
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For peel stress concentration, the stress distribution is shown in Fig.4.21 and the 
values of stress concentration are listed in Table.4.16. And the comparison of the 
maximum peel stress concentration for the marked zones is shown in Fig.4.22. 
 
Fig.4.21 Peel stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.16 Maximum peel stress concentration in the composite region with different 
protrusion angle for the marked zones 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ22/σ Zone I 5.96e-2 6.92e-2 7.32e-2 7.63e-2 6.89e-2 6.61e-2 4.55e-2 
σ22/σ Zone II 7.85e-2 8.02e-2 6.78e-2 - - - - 
σ22/σ Zone III 2.66e-2 3.83e-2 4.67e-2 5.30e-2 5.73e-2 6.16e-2 6.14e-2 
σ22/σ Zone IV 2.76e-2 3.74e-2 3.36e-2 - - - - 
For Zone I, stress concentration increases and reaches maximum at perpendicular 
protrusion angle, and decreases with the protrusion angle to 30 degrees. For Zone II, 
the stress concentrations occurred only for the minus angle protrusions, and the 
concentration region moved away for the perpendicular protrusion and the positive 
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protrusion angles. For Zone III, the situation is almost exactly opposite to Zone II, 
stress concentration increases with the protrusion angle increase, from around 2.7e-2 
to more than 6.0e-2. For Zone IV, the stress concentration decreases from minus 
angles to positive angles; for the positive angles the stress concentration changes 
direction from peel to compression. 
 
Fig.4.22 Maximum peel stress concentration with different protrusion angle for 
marked zones in Fig.4.21 
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For shear stress concentration, the stress distribution is shown in Fig.4.23 and the 
values of stress concentration are listed in Table.4.17. And the comparison of the 
maximum shear stress concentration for the marked zones is shown in Fig.4.24. 
 
Fig.4.23 Shear stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.17 Maximum shear stress concentration in the composite region with 
different protrusion angle 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ12/σ Zone I 6.65e-2 8.92e-2 8.57e-2 8.23e-2 8.25e-2 8.80e-2 8.86e-2 
σ12/σ Zone II 6.54e-2 7.54e-2 7.54e-2 7.28e-2 6.67e-2 5.42e-2 3.76e-2 
σ12/σ Zone III 1.57e-2 2.49e-2 2.67e-2 3.07e-2 3.57e-2 3.91e-2 3.51e-2 
σ12/σ Zone IV 7.69e-2 8.49e-2 7.46e-2 7.04e-2 6.54e-2 7.05e-2 6.25e-2 
σ12/σ Zone V 4.93e-3 1.50e-2 1.43e-2 7.95e-3 8.70e-4 5.32e-3 1.37e-2 
σ12/σ Zone VI 7.34e-2 6.42e-2 9.04e-2 9.87e-2 1.09e-1 1.11e-1 1.05e-1 
For Zone I, the maximum stress concentration is the lowest for the minus 30 degree 
protrusion angle. For Zone II, from minus to positive protrusion angles, the stress 
concentration increases until minus 10 degrees and then decreases. For Zone III at the 
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top of the protrusion, the stress concentration increases from minus protrusion angles 
to 20 degree protrusion angle, and then decreases. For Zone IV, the stress 
concentration increases until minus 20 degree protrusion, and then hardly changes.  
For Zone V, the stress concentrations are generally small compare to other zones, the 
concentration increases until minus 20 degree and decreases until 10 degree and 
decreases then increases again. For Zone VI, the stress concentration decreases until 
minus 20 degree and increases until 20 degree, and then decreases slightly to 30 
degree. 
 
Fig.4.24 Maximum shear stress concentration with different protrusion angle for 
marked zones in Fig.4.23 
4.3.3 Effect of protrusion angle for the hill shape protrusions 
For the effects of the protrusion angle, the cases of -30 to 30 degrees with 10 degrees 
increments were analysed, where the minus angle stands for the protrusion leaning 
towards the metal end of the joint and vice versa. The stress concentration contour 
results of the composite region are shown in figures, Fig.4.25 for the axial stress, 
Fig.4.26 for the peel stress and Fig.4.28 for the shear stress. 
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For the axial stress concentration, the locations of the maximum stress concentration 
for different protrusion angles are similar. There is less than 5% variation in the 
maximum stress concentrations for different protrusion angles, see Table.4.18. 
 
Fig.4.25 Axial stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.18 Maximum axial stress concentration in the composite region with different 
protrusion angle 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ11/σ 1.02e0 1.03e0 1.03e0 1.06e0 1.03e0 1.03e0 1.04e0 
For the peel stress concentration, in Fig.4.26, there are two zones marked for stress 
concentration comparisons. Apart from the 30 degree protrusion, the maximum stress 
concentrations occur at the left foot of the protrusion, see the marked circles in 
Fig.4.26. The maximum stress concentrations are listed in Table.4.19. The stress 
concentration for Zone I is reduced with protrusion angle change from minus to 
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positive; and the stress concentration for Zone II increased with protrusion angle 
change from minus to positive. The trends are clearly shown in Fig.4.27. 
 
Fig.4.26 Peel stress concentration contour results in the composite region with 
different protrusion angle 
 
Table.4.19 Maximum peel stress concentration in the composite region with different 
protrusion angle 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ22/σ Zone I 7.38e-2 7.09e-2 7.24e-2 7.63e-2 7.02e-2 6.40e-2 5.27e-2 
σ22/σ Zone II 2.52e-2 3.88e-2 4.81e-2 5.30e-2 5.28e-2 5.16e-2 5.64e-2 
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Fig.4.27 Maximum peel stress concentration with different protrusion angle for 
marked zones in Fig.4.26 
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For the shear stress concentration, the contour results are shown in Fig.4.28. Apart 
from the 30 degree protrusion, the maximum stress concentrations occur at the right 
bottom corner for the composite region, see the circles in Fig.4.28. The maximum 
stress concentrations for six zones are listed in Table.4.20 (absolute values). The 
effect of the protrusion angle for different zones is shown in Fig.4.29. For Zone V 
and VI, the stress concentration stays at the same level comparing with other zones. 
For Zone I, the stress concentrations are at a similar level for the minus protrusion 
angles, and increases with the positive protrusion angle. For Zone II, the stress 
concentration decreases with the protrusion angle increase. For Zone III and IV, the 
stress concentrations stay at similar levels, much lower than that of Zone I or Zone VI. 
 
Fig.4.28 Shear stress concentration contour results in the composite region with 
different protrusion angle 
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Table.4.20 Maximum shear stress concentration in the composite region with 
different protrusion angle 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ12/σ Zone I 7.81e-2 8.78e-2 8.39e-2 8.23e-2 8.86e-2 9.83e-2 1.02e-1 
σ12/σ Zone II 8.36e-2 7.71e-2 7.70e-2 7.28e-2 6.71e-2 5.39e-2 4.05e-2 
σ12/σ Zone III 3.27e-2 1.97e-2 2.72e-2 3.07e-2 3.35e-2 3.84e-2 2.70e-2 
σ12/σ Zone IV 6.74e-2 6.72e-2 5.84e-2 7.04e-2 5.24e-2 5.10e-2 7.95e-2 
σ12/σ Zone V 5.24e-3 1.23e-2 1.67e-2 7.95e-3 1.02e-2 5.88e-3 7.49e-3 
σ12/σ Zone VI 8.86e-2 9.60e-2 1.03e-1 9.87e-2 1.04e-1 1.02e-1 9.54e-2 
 
 
Fig.4.29 Maximum shear stress concentration with different protrusion angle for 
marked zones in Fig.4.28 
4.3.4 Effect of protrusion shape for the end protrusions 
For the end protrusion case, the stress concentrations of axial, peel and shear stresses 
are compared for the different shape. Axial stress concentration locations are similar 
for different shapes and the trends are similar for different protrusion shape. However, 
the stress concentration is lower with angled hill shape protrusions, around 5% lower. 
The values of the maximum axial stress concentration are listed in Table.4.21 and 
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Fig.4.30. The trend is not monotonic, minus 30 degree protrusion shows the lowest 
maximum stress concentration, especially for the hill shape. 
Table.4.21 Maximum axial stress concentration in the composite region with different 
protrusion angle and shape 
Angle [degrees] -30 -20 -10 0 10 20 30 
σ11/σ Zone II - 
parallel 
1.06e0 1.06e0 1.06e0 1.06e0 1.05e0 1.06e0 1.07e0 
σ11/σ - hill 1.02e0 1.03e0 1.03e0 1.06e0 1.03e0 1.03e0 1.04e0 
 
 
Fig.4.30 Maximum axial stress concentration with different protrusion angle and 
shape 
The values for the maximum stress concentration at around the top of the protrusion 
region are listed in Table.4.22 for peel stress and Table.4.23 for shear stress (absolute 
values), also see Fig.4.31 and Fig.4.32. For the parallel shape protrusion, the zones 
are marked in Fig.4.21 and Fig.4.23; for the hill shape protrusion in Fig.4.26 and 
Fig.4.28. The effect of the shape is not significant. For the peel stress, in Fig.4.31, for 
the two zones, maximum stress concentrations are similar for most of the protrusion 
angles. 
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Table.4.22 Maximum peel stress concentration in the composite region with different 
protrusion angle and shape 
Angle [degrees] -30 -20 -10 0 10 20 30 
σ22/σ Zone I 
- parallel 
5.96e-2 6.92e-2 7.32e-2 7.63e-2 6.89e-2 6.61e-2 4.55e-2 
σ22/σ Zone III 
- parallel 
2.66e-2 3.83e-2 4.67e-2 5.30e-2 5.73e-2 6.16e-2 6.14e-2 
σ22/σ Zone I 
- hill 
7.38e-2 7.09e-2 7.24e-2 7.63e-2 7.02e-2 6.40e-2 5.27e-2 
σ22/σ Zone II 
- hill 
2.52e-2 3.88e-2 4.81e-2 5.30e-2 5.28e-2 5.16e-2 5.64e-2 
 
 
Fig.4.31 Maximum peel stress concentration with different protrusion angle and 
shape 
The peel stresses of zones from Chapter 4, Fig.4.21 Zone III for the parallel shape 
and Fig.4.26 Zone II for the hill shape are compared. For peel stress concentration, 
there are similar trends with different shapes for protrusion angle change. Generally 
when the protrusion angle is -30 degrees, the stress concentration is low. 
The shear stresses of zones from top of the protrusions are compared, see Zones II to 
V in Fig.4.24 and Fig.4.29. In Fig.4.32, the values and trends of stress concentration 
are similar for different shapes in Zone II and V; with the angle change stress 
concentration decreases in Zone II and oscillating in Zone V. The stress concentration 
is fairly small in Zone V. For Zone III, the values and trends are also similar for 
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different shape protrusions; the stress concentration reaches minimum for parallel 
shape protrusion at -30 degrees. The stress concentration values for Zone III are 
generally small compared to other zones. For Zone IV, the trends are similar for 
different shape protrusions, where the stress concentration decreases for the positive 
angle with some exceptions. The hill shape 30 degrees protrusion shows an increase 
in the stress concentration. For the shear stress at the bottom of the composite region, 
in Fig.4.32, for Zone I, stress concentrations are higher for the hill shape with the 
protrusion towards the composite end of the joint; for Zone VI, the stress 
concentrations are significantly higher for the hill shape protrusions in the minus 
angle cases (13 to 20%) and lower for the positive angle cases (less than 10%). 
Table.4.23 Maximum shear stress concentration in the composite region with 
different protrusion angle and shape 
Angle 
[degrees] 
-30 -20 -10 0 10 20 30 
σ12/σ Zone I 
- parallel 
6.65e-2 8.92e-2 8.57e-2 8.23e-2 8.25e-2 8.80e-2 8.86e-2 
σ12/σ Zone II 
- parallel 
6.54e-2 7.54e-2 7.54e-2 7.28e-2 6.67e-2 5.42e-2 3.76e-2 
σ12/σ Zone III 
- parallel 
1.57e-2 2.49e-2 2.67e-2 3.07e-2 3.57e-2 3.91e-2 3.51e-2 
σ12/σ Zone IV 
- parallel 
7.69e-2 8.49e-2 7.46e-2 7.04e-2 6.54e-2 7.05e-2 6.25e-2 
σ12/σ Zone V 
- parallel 
4.93e-3 1.50e-2 1.43e-2 7.95e-3 8.70e-4 5.32e-3 1.37e-2 
σ12/σ Zone VI 
- parallel 
7.34e-2 6.42e-2 9.04e-2 9.87e-2 1.09e-1 1.11e-1 1.05e-1 
        
σ12/σ Zone I 
- hill 
7.81e-2 8.78e-2 8.39e-2 8.23e-2 8.86e-2 9.83e-2 1.02e-1 
σ12/σ Zone II 
- hill 
8.36e-2 7.71e-2 7.70e-2 7.28e-2 6.71e-2 5.39e-2 4.05e-2 
σ12/σ Zone III 
- hill 
3.27e-2 1.97e-2 2.72e-2 3.07e-2 3.35e-2 3.84e-2 2.70e-2 
σ12/σ Zone IV 
- hill 
6.74e-2 6.72e-2 5.84e-2 7.04e-2 5.24e-2 5.10e-2 7.95e-2 
σ12/σ Zone V 
- hill 
5.24e-3 1.23e-2 1.67e-2 7.95e-3 1.02e-2 5.88e-3 7.49e-3 
σ12/σ Zone VI 
- hill 
8.86e-2 9.60e-2 1.03e-1 9.87e-2 1.04e-1 1.02e-1 9.54e-2 
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Fig.4.32 Maximum shear stress concentration with different protrusion angle and 
shape 
4.4 Summary 
Results for the effect of protrusion height, angle and shape are presented in this 
chapter for two different scenarios. For the repetitive case, the protrusions were 
assumed to be constrained with repetitive boundary conditions. With increasing 
height, the stress concentration within the composite region reduces. The stress 
spreads more into the composite region with the protrusion height with lower 
concentration level. For the protrusion angle change, the stress distribution is 
symmetric for the relative positive and negative protrusion angles despite the 
protrusion shape. The effect of the protrusion shape change leads to significant 
reduction in peel and shear stress, the level of stress concentration changed for all the 
stress components. 
For the protrusions on the step edge, increasing height reduces the stress 
concentration. For the peel stress, the shape change did not have obvious effect on 
either the stress concentration at around top of the protrusion region or the maximum 
stress concentration. For shear stress concentration, the shape effects are complicated 
and less obvious due to the shape change comparing with the repetitive protrusion 
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case. The stress concentration is generally smaller for the minus 30 degrees 
protrusion angle for both shapes.  
For both the repetitive and the end protrusion cases, shear and peel stress 
concentrations are fairly small. The importance of the shape angle and different zones 
in respect of the failure processes is discussed in Chapter 6. Further discussions can 
be found in Chapter 7. 
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5  
FE MODELLING THE PROTRUSION 
DISTRIBUTION EFFECTS WITH THREE 
DIMENSIONAL MODELS 
5.1 Introduction 
In this chapter, the results of the three dimensional analyses are presented from the 
3D global model and the submodel with various spatial arrangements along with 
some protrusion distribution density effects. The models description can be found in 
Chapter 3 section 3.4, and the composite materials characterisation can be found in 
Chapter 3, section 3.2.2. The loading applied for the 3D global model was 116 MPa 
stress [Smith, 2005], and the loading for the submodels was based on the global 
model result as described in section 2.5.5. This chapter describes the stress 
distributions predicted by the submodel method. The significance of those stress 
distributions to the failure processes is described in Chapter 6. 
5.2 Modelling the whole joint with three-dimensional global models 
The 3D global model was described in Chapter 3 with the homogenised composite 
region and homogenised protrusion/composites region (obtained by 3D layered 
composite model analysis, see Chapter 3, section 3.2). Tensile loading was carried 
out for the whole joint. 
The strain data has been taken from the middle of both halves of the model (the 
titanium half and composite half, see Fig.6.1), which coincide with the strain gauge 
location in the tensile experiments (discussed later in Chapter 6). 
The 3D tensile simulation results and comparisons with 2D models are shown in 
Fig.5.1, where CPE and CPS stand for plane strain and plane stress elements. 
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Fig.5.1 The global models results under tensile loading. 
The global models results are linear elastic. Compared to the 2D global model with 
homogenised properties, the 2D plane strain global model results as expected are 
stiffer; the 3D global model results agrees very well with the 2D global model with 
plane stress elements. 
5.3 Three-dimensional submodel tensile simulation results 
The 3D submodels include the detailed protrusion geometries and the submodels 
position within the joint is shown in Fig.3.30 and 3.31, section 3.4.1 Chapter 3. In this 
section the results are divided in two parts, titanium results and composite results. 
The diagram of the 3D submodel is shown in Fig.5.2, where the important planes are 
marked. All results are presented as indicated in Fig.5.2. 
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Fig.5.2 Diagram of the 3D submodel 
5.3.1 Submodel results for the titanium region 
Stress contour results for titanium part are shown in Fig.5.3 for the Von Mises stress, 
(a) square array, (b) rotated measured, (c) measured, and (d) half of the measured 
density and square array. And the locations for the maximum stress are also shown. 
The change of spatial arrangement produces different stress distributions, and 
variations in the stress components and Von Mises stress. From Fig.5.3 (b), the 
rotated measured arrangement submodel has higher maximum stresses at the 
protrusions foot on the edge. This may be caused by these two protrusions located 
very close to the edge which is driven by the global model. The maximum stress 
values of stress components and Von Mises are listed in Table.5.1, and also the 
positions are marked in Fig.5.3 with circles. 
Table.5.1 The maximum Von Mises stress values against protrusion distribution 
 Square array 
Rotated 
measured 
Measured 
Square array, half 
distribution density 
Von Mises [MPa] 222.4 242.5 223.7 216.7 
 
Symmetry plane 
Edge of the joint step 
Composite 
Titanium 
The viewing angle for 
the composite region 
The height of the 
protrusion, 1mm 
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Fig.5.3 Von Mises results of four different submodels, (a) square array, (b) rotated 
measured, (c) measured, and (d) half of the measured density and square array 
For Von Mises stress, Fig.5.3, the maximum stress value hardly changes even for the 
lower protrusion distribution density for different spatial arrangement. There is less 
than 3% variation in the maximum stresses, despite the protrusion distribution density.  
(a) (b) 
(c) (d) 
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5.3.2 Submodel results for composite region 
Stress contour results for the composite part are shown in Fig.5.4, Fig.5.5 and Fig.5.6. 
Four submodels results are shown for comparison with stress components contours, 
axial, peel and shear stress respectively in Fig.5.4, Fig.5.5 and Fig.5.6. The region 
shown includes the composite only above the joint step surface, viewed from the 
interface and the viewing angle is shown in Fig.5.2. The symmetry plane is the 
bottom edge of the region shown in the figures. The dimensions are shown in Chapter 
3, Fig.3.31. The stress contour results are shown with the unit of MPa. 
The change of spatial arrangement resulted in different stress distributions and 
variation of all the stress components. The maximum stress values for stress 
components axial stress, peel stress and shear stress are listed in Table.5.2. 
Table.5.2 The maximum stress values of stress components against protrusion 
distribution 
 Square array 
Rotated 
measured 
Measured 
Square array, half 
distribution density 
Axial stress [MPa] 141.3 143.0 140.4 139.8 
Peel stress [MPa] 12.6 13.6 12.1 12.3 
Shear stress [MPa] 16.3 18.1 16.4 15.3 
For the axial stress, Fig.5.4, the maximum stress does not vary much for all 
submodels; high stress concentration occurs on the edge of the joint step for all the 
arrangements. Other stress concentrations occur at around the foot of the protrusions. 
The distance between the protrusions in axial direction affects the stress interaction. 
The further apart the protrusions being in 1-direction, the less stress interaction can be 
observed. The distance between protrusions in 1-direction (marked in Fig.5.4) is 1.36 
mm for (a) and (b), 2.72 mm for (c), and 1.93 mm for (d). 
 
 
Chapter 5  Modelling the Protrusion Distribution 
 
165 
 
Fig.5.4 Axial stress results of four different submodels, (a) square array, (b) rotated 
measured, (c) measured, and (d) half of the measured density and square array 
In Fig.5.5, there is roughly up to 10.6% in average maximum peel stress variation 
between different spatial arrangement submodels; however, for the half protrusion 
distribution density submodel, (d) in Fig.5.5, the peel stress is roughly 2.4% lower; (c) 
in Fig.5.5 shows the lowest stress concentration, 4% lower than (a). Stress 
concentration mainly occurs at the foot of protrusions despite the spatial 
arrangements. Once more, the further apart the protrusions being in 1-direction, the 
less stress concentrations, i.e. (c) in Fig.5.5. For the same distance in 1-direction case, 
(a) and (b) in Fig.5.5, it is obvious that there is some influence on the stress 
(a)         Max: 141.3 MPa (b)         Max: 143.0 MPa 
(c)         Max: 140.4 MPa (d)         Max: 139.8 MPa 
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distribution and concentration due to the position of the neighbouring protrusions in 
the other direction (also see Fig.5.4). 
Fig.5.5 Peel stress results of four different submodels, (a) square array, (b) rotated 
measured, (c) measured, and (d) half of the measured density and square array 
 
(a)         Max: 12.6 MPa (b)         Max: 13.6 MPa 
(c)         Max: 12.1 MPa (d)         Max: 12.3 MPa 
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Fig.5.6 Shear stress results of four different submodels, (a) square array, (b) rotated 
measured, (c) measured, and (d) half distribution density and square array 
For shear stress component in Fig.5.6, there is some difference of the maximum stress 
between different spatial arrangement submodels (a), (b) and (c), for the same 
protrusion distribution density, 9% in average; and there is roughly 6% variation due 
to the distribution density for the same spatial arrangement, (a) and (d) in the figure. 
High stress concentration occurs at the joint step edge as well as the foot of the 
protrusions; and the stress distributions were affected by the position of the 
neighbouring protrusions. Considering shear and peel stress being the initiation 
(a)         Max: 16.3 MPa (b)         Max: 18.1 MPa 
(c)         Max: 16.4 MPa (d)         Max: 15.4 MPa 
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stresses for composites inter-laminar failure, the axial stress results comparison for 
the composite part becomes less important. 
However, the above results are taken from the interface of the joining surface of the 
composite. To investigate the composite around the top of the protrusions, the inside 
of the composite region around the top of the protrusions can be viewed by cutting 
part of the composite away, see Fig.5.7 and 5.8. 
The dotted line in Fig.5.7 represents the cutting plane (0.7mm away from the titanium 
joint step) for viewing the inside of the composite region around the top of the 
protrusion. The viewing angle is also shown in the figure. The protrusions of the 
submodels are 1mm high and the cutting view plane can be seen in cross section in 
Fig.5.8. 
Maximum values of stress components for the different protrusion distribution are 
listed in Table.5.3. The contour results are shown in Fig.5.9 to Fig.5.11, where the 
locations for the maximum stress are marked with circles. 
 
Fig.5.7 Diagram of the 3D submodel with the dotted line indicating the contour 
results from where the inside of the composite part can be viewed 
Edge of the 
joint step 
Symmetry plane Composite 
Titanium 
0.7mm 
The viewing angle 
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Fig.5.8 Diagram of the position for around the protrusion top region of the cutting 
plane as the dotted line, 0.7mm away from the joint step surface 
 
Table.5.3 The maximum stress values of stress components against protrusion 
distribution at around top of the protrusion regions 
 Square array 
Rotated 
measured 
Measured 
Square array, half 
distribution density 
Axial stress [MPa] 132.4 134.1 130.6 128.7 
Peel stress [MPa] 8.2 8.6 7.3 7.0 
Shear stress [MPa] 16.3 15.6 13.8 14.9 
In Fig.5.9, the maximum stress does not vary much for the same distribution density 
submodels; the difference for square array submodels with half protrusion 
distribution density, (d), is roughly 3%. Obvious bands of stress concentration were 
formed in Fig.5.9 (a), (b) and (d). Comparing (c) with others, with the longest 
distance between protrusions in 1-direction, only oval shaped stress concentration 
regions are formed around the protrusions. 
0.7mm 
The viewing angle 
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Fig.5.9 Axial stress results of four different submodels, (a) square array, (b) rotated 
measured, (c) measured, and (d) half distribution density and square array 
In Fig.5.10, the maximum peel stress value for the rotated measured distribution 
model, (b), is the highest, a fraction higher than the square model with the same 
distribution density, (a), more than 18% higher than the measured distribution model, 
(c), and more than 21% higher compare to the half density square array model, (d). 
Stress concentration mainly occurs around the protrusions. The influence on the stress 
distribution due to the protrusion interaction is complicated. Once more, the distance 
between the protrusions in 1-direction is the longest for (c). 
(a)         Max: 132.4 MPa (b)         Max: 134.1 MPa 
(c)         Max: 130.6 MPa (d)         Max: 128.7 MPa 
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Fig.5.10 Peel stress results of four different submodels, (a) square array, (b) rotated 
measured, (c) measured, and (d) half distribution density and square array 
For stress component shear stress in Fig.5.11, the maximum stress of the rotated 
measured array model is more than 10% higher than the measured distribution model, 
(c), roughly 3.4% higher than the square array model, (b), and roughly 8.5% higher 
than the square array with half distribution density model, (d). Stress concentration 
mainly occurs around the protrusions in the axial direction (1-direction) and around 
the transverse direction (3-direction) of each protrusion. Higher stress occurs at the 
left side of the first row of protrusions, and reduces towards the metal end of the joint 
(left or minus 1-direction). 
(a)         Max: 8.2 MPa (b)         Max: 8.6 MPa 
(c)         Max: 7.3 MPa (d)         Max: 7.0 MPa 
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Fig.5.11 Shear stress results of four different submodels, (a) square array, (b) rotated 
measured, (c) measured, and (d) half distribution density and square array 
These results suggest that to reduce the maximum stress around the top of the 
protrusion region within the composite the measured distribution model has 
advantage over other distribution methods with the same distribution density. These 
effects are further investigated using cross section of the protrusion layers in the next 
section. 
(a)         Max: 14.9 MPa (b)         Max: 15.4 MPa 
(c)         Max: 14.0 MPa (d)         Max: 14.2 MPa 
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5.4 Three-dimensional analyses – spatial arrangements 
It has been shown in Chapter 4 that there are stress concentrations (axial and shear) 
around the top of the protrusion region. As also discussed in Chapter 6, the typical 
failure of the tensile specimens is shown in Fig.5.12. There are failures occurred 
along the top of the protrusion region just above the tip of the protrusions. This can 
also be seen in figures in Chapter 6, Fig.6.14 and Fig.6.15. 
Therefore, the top of the protrusion region within the composites should be examined 
carefully. Thus, with the effect of different spatial arrangements, discussions in this 
section focus on the stresses along the top of the protrusion region. 
 
Fig.5.12 Typical fracture surface of the tensile specimens 
To investigate the composite part in detail, cut was made in the (2, 3) plane and is 
described as row. Further cuts were made in the (1, 2) plane and are described as 
columns, see Fig.5.13; the first and second column of protrusions were analysed 
separately. These cuts were made as cross sections according to the row or columns 
of protrusions from the model boundary in 1-direction or the symmetry plane. The 
maximum values for the stress components are listed in Table.5.4 for the first and 
second column of protrusions. 
 
 
Tips of the protrusions 
 
The first step 
  
2mm 
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Fig.5.13 Diagram of the 3D submodel with the positions of the symmetry plane, the 
first row of protrusions from the step edge, and the first and second column of 
protrusions 
Symmetry plane, (1, 2) plane 
The slice of the first column 
of protrusions (1, 2) plane 
The slice of the second 
column of protrusions 
First step of the joint 
Composite 
Titanium 
The slice of the first 
row of protrusions 
next to the step edge 
(2, 3) plane 
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Table.5.4 The maximum stress values of stress components against protrusion 
distribution of the composite part for the first and second column (the result from top 
of the protrusion region is in italic) 
 Square array 
Rotated 
measured array 
Measured 
array 
Square array, half 
distribution density 
T
h
e 
fi
rs
t 
co
lu
m
n
 
Axial stress 
[MPa] 
141.3 143.0 139.2 139.8 
132.4 134.1 117.6 128.7 
Peel stress 
[MPa] 
12.6 13.2 10.7 12.3 
8.2 8.6 7.3 7.0 
Shear stress 
[MPa] 
16.3 18.1 14.4 15.3 
16.3 15.6 11.8 14.9 
     
T
h
e 
se
co
n
d
 c
o
lu
m
n
 
Axial stress 
[MPa] 
141.1 140.4 140.4 139.5 
132.8 129.7 130.6 128.7 
Peel stress 
[MPa] 
12.6 13.6 12.1 12.2 
8.1 8.2 6.9 6.9 
Shear stress 
[MPa] 
16.0 15.0 16.4 15.4 
16.0 14.9 13.8 14.9 
Considering the whole composite region, the measured array showed the lowest stress 
value for stress components peel stress and shear stress for the first column of 
protrusions. For the stress components axial stress and peel stress in the second 
column of protrusions, the measured array had the lowest values but it had the highest 
stress value for stress component shear stress. 
With almost all different spatial arrangements, the maximum values of stress 
components are lower for the top of the protrusion region (italic figures in Table.5.4). 
For the same protrusion distribution density, the measured protrusion density model 
showed the lowest maximum values for the stress components around the top of the 
protrusion region for both columns of the protrusions. 
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Comparing the first and second column of protrusions, the square array shows similar 
maximum stress values for all stress components around the top of the protrusion 
region. For the square array, the lower protrusion distribution density models show 
lower stress values for all the stress components for both columns and the maximum 
stress occurs at similar locations. 
The contour results of the cross sections for the first and second column of 
protrusions next to the symmetry plane along 1-direction are shown for all three stress 
components in Fig.5.14 to Fig.5.19, where maximum stress positions are marked with 
circles (and arrows for the maximum stress at around top of the protrusion region). 
5.4.1 Axial stress results for the first and second columns of protrusions 
Figures Fig.5.14 and Fig.5.15 are for the stress components axial stress results of the 
first and second column of protrusions. Stress concentrations around the top of 
protrusions region are marked with arrows. The locations of the maximum stress 
concentration are marked with circles 
Comparing the axial stress of the first and second columns of protrusions, for the 
square array submodels, both stress distribution and the maximum stress are similar 
for the whole composite region and the top of the protrusion region. Variation occurs 
only due to the distance between protrusions in 1-direction, i.e. the spatial distribution 
density. For the rotated measured array submodel, the values of the maximum stress 
are similar for both columns. In Fig.5.14 and Fig.5.15, for all other arrangements, the 
maximum stress positions are similar. The maximum stress values from within the 
whole composite region and top of the protrusion region are similar. For the 
measured protrusion array, the maximum stress values for the whole composite area 
occurred at similar positions and stress distributions around the top of the protrusion 
region. 
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Fig.5.14 Axial stress results of four different submodels for the first column of 
protrusions (a) square array, (b) rotated measured, (c) measured, and (d) half 
distribution density and square array 
 
 
(a) 
(c) (d) 
(b) 
The crack growth direction 
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Fig.5.15 Axial stress results of four different submodels for the second column of 
protrusions, (a) square array, (b) rotated measured, (c) measured, and (d) half 
distribution density and square array 
Highest level of axial stress is reached around the top of protrusions for the first 
protrusion from the composite end, the lightest grey band in Fig.5.14 and Fig.5.15. 
Then the stress reduced towards the metal end. The measured pattern of the 
protrusions show differences in stress distribution due to the space before the first 
protrusion and between two protrusions in the column, which allow the stress to 
spread before it reached the next protrusion. All other pattern submodels have stress 
at a relatively high level in between the first and second protrusions. The stress 
distribution is similar for the second column of protrusions. 
5.4.2 Peel stress results for the first and second columns of protrusions 
Figures Fig.5.16 and 5.17 show peel stress results of the first and second columns. 
Stress concentrations around the top of protrusions region are marked with arrows. 
The locations of the maximum stress concentration are marked with circles. 
(a) 
(c) (d) 
(b) 
The crack growth direction 
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Fig.5.16 Peel stress results of four different submodels for the first column of 
protrusions (a) square array, (b) rotated measured, (c) measured, and (d) half 
distribution density and square array 
Fig.5.16 shows the locations of the maximum stress for the first column of 
protrusions for the whole composite region, the locations are similar for the second 
column of protrusions. Comparing peel stress of the first and second column of 
protrusions, (a) and (b) in both figures show higher maximum stress for both the 
whole region and the top of protrusions region. For the square array submodels (a) 
and (d), the stress concentration around the top of the protrusion region occurs at the 
first protrusion from the joint step for the first column and the second protrusion for 
the second column. Maximum stress concentrations are identical for the two columns 
in both cases. The differences between square and the half density square arrays, (a) 
and (d), for both columns are roughly 2.5% for the whole region and 15% for around 
the top of the protrusion region. 
(a) 
(c) (d) 
(b) 
The crack growth direction 
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Fig.5.17 Peel stress results of top of the protrusion for four different submodels for 
the first column of protrusions, (a) square array, (b) rotated measured, (c) measured, 
and (d) half distribution density and square array 
For the rotated measured array submodel, the values of the maximum stress are 
similar; however, the locations are different especially for the second column of 
protrusions, see (b) in Fig.5.16 and 5.17. The stress concentration reached 8.6 MPa 
for the first column and 8.2 MPa for the second column within the top of the 
protrusion region; and similar positions compared with the other submodels. 
For the measured protrusion array, the stress response for the whole composite area 
occurred at similar positions compared with other submodels as well as around the 
top of the protrusion region for both rows of protrusions. The stress values are the 
lowest for the same protrusion distribution densities, i.e. (a) and (b), for the whole 
composite region and around the top of the protrusion region. 
For the stress distribution of peel stress, it reached a high level around the top of 
protrusions between the first two protrusions from the joint step. Then the stress kept 
(a) 
(c) (d) 
(b) 
The crack growth direction 
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at a similar level between the protrusions around top of the protrusions region 
towards the metal end of the joint. The measured array submodel, (c), shows 
differences in stress distribution due to the space between two protrusions, which 
allow the deformation between the protrusions as stress distributes around the next 
protrusion (lower average stress). 
5.4.3 Shear stress results for the first and second columns of protrusions 
Figures Fig.5.18 and Fig.5.19 are for the stress components shear stress of the first 
and second column of protrusions, the locations of the maximum stress concentration 
for the whole region and for around the top of protrusions region are marked with 
circles and arrows respectively. 
 
Fig.5.18 Shear stress results of four different submodels for the first column of 
protrusions, (a) square array, (b) rotated measured, (c) measured, and (d) half 
distribution density and square array 
 
(a) 
(c) (d) 
(b) 
The crack growth direction 
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Fig.5.19 Shear stress results of four different submodels for the second column of 
protrusions, (a) square array, (b) rotated measured, (c) measured, and (d) half 
distribution density and square array 
Shear stress concentrates at the joint surface near the step and then reaches a high 
level around the top of protrusions as well as between the first two protrusions from 
the joint step edge in Fig.5.18 and Fig.5.19. The shear stress reduces towards the 
metal end of the joint. The measured array of protrusions shows differences in stress 
distribution due to the space between two protrusions, which allow the stress to 
spread before it reached the next protrusion (lower average stress). The stress 
distribution is similar for the second column of protrusions. 
Comparing the shear stress of the first and second column of protrusions for the 
square array submodels, (a) and (d), the stress responses are similar for the top of the 
protrusion region. However, for the whole region, the positions of the maximum 
stress are different. In (a) of Fig.5.18 and Fig.5.19, the maximum stress positions are 
at around the top of the protrusions, but it is at the foot of the protrusions for all other 
protrusion spatial arrangement models. 
(a) 
(c) (d) 
(b) 
The crack growth direction 
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For the rotated measured array submodel, (b) in the figures, the values of the 
maximum stress are different, where the highest value of stress occurred at the first 
column for all different arrangement submodels; however, the positions are similar 
for the first and second column of protrusions. 
For the measured protrusion array, the stress response for the whole composite region 
occurred at different positions, see (c) in Fig.5.18 and Fig.5.19, comparing with other 
submodels for the first column of protrusions. This position difference indicates that 
leaving enough space between the step edge and the first protrusion may reduce the 
maximum stress concentration as well as the stress concentration around top of the 
protrusion region. The stress values are the lowest for all protrusion distribution 
densities at around the top of the protrusion region. 
5.4.4 Transverse stresses – through the width of the joint 
Under tensile loading, Poisson’s contraction in through-the-width direction (3-
direction) combined with stiffness mismatch of the composites and titanium alloy, 
causes transverse stresses in this direction to be induced. 
Fig.5.20 shows the transverse stress in the composite region for the first column of 
protrusions of the square array. The transverse stress concentrated around the 
protrusions in the (1, 2) plane, maximum stress concentration was marked in the 
figure. The maximum transverse stress is roughly 24 MPa. This is relatively low 
comparing with the axial direction stress (1-direction).  
 
Fig.5.20 Transverse stress for the first column of protrusions of the square array 
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The transverse shear stresses in the same region are smaller than 10 MPa, which is 
smaller than the shear stress in (1, 2) plane.  
Therefore, these transverse stresses are not considered to be the primary cause for the 
initiation and propagation of failure. 
5.4.5 Stress distribution for the columns of protrusions 
As shown from Fig.5.14 to Fig.5.20, the stress distribution in 1-direction was shown 
for all different spatial arrangements with axial peel and shear stresses. For these 
different stresses, the protrusion on the joint step edge shows higher stress 
concentrations around the top of the protrusion. The stress distribution in all cases 
reduced along towards the metal end of the joint. The indication is clear for the 
distance between protrusions in 1-direction or the number of protrusions in the (1, 2) 
plane. For the first several protrusions from the step edge, more distance between the 
protrusions in 1-direction or fewer numbers of protrusions allow stresses reduction 
for axial and shear stress cases, where for the peel stress the level of stress 
concentration between protrusions varies slightly. 
Note that comparing the first and second columns’ results in terms of the maximum 
stresses, the square array protrusions show similar results, the rotated measured array 
protrusions show slight reduction of the maximum stresses for the second protrusion 
column, the measured array of protrusions show slight increase in the shear and peel 
stresses for the second column. 
To further understand the influence of the protrusion in terms of stress distribution in 
3-direction, protrusion row will be investigated for the next section. The contour 
results of the first row of protrusions from the first step edge (see Fig.5.13 for the 
definition of the first row of protrusions) are shown in Fig.5.21 to Fig.5.23. 
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5.4.6 Stress distribution for the first row of protrusions 
In Fig.5.21 to Fig.5.23, it shows the stress distribution for stress components axial, 
peel and shear stress for the first row of protrusions from the joint step edge in the (2, 
3) plane. The definition of the row can be found in Fig.5.13. 
 
Fig.5.21 Axial stress results of the first row protrusions from the joint step edge for 
four different submodels, (a) square array, (b) rotated measured, (c) measured, and 
(d) half distribution density and square array 
In Fig.5.21, the most marked stress concentrations occur in the rotated measured 
array, (b). Stress concentration cannot be found around the top of the protrusion. In 
(b), the stress concentrations occur in between the protrusions. This is caused by the 
position of the next row of protrusions. Comparing square array with different 
densities, (a) and (d), the distance between protrusions allows lower stress 
concentration in these regions. 
In Fig.5.22, at both side of the protrusion, there is some peel stress concentration. 
And similarly to axial stress, comparing square array with different densities, (a) and 
The crack growth direction 
(a) 
(c) (d) 
(b) 
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(d), the stress concentration in the regions between the protrusions is lower for the 
half density square array, (d). Also for the rotated measured array, (b), there are 
regions of stress concentrations caused by the position of the next row of protrusions. 
 
Fig.5.22 Peel stress results of the first row protrusions from the joint step edge for 
four different submodels, (a) square array, (b) rotated measured, (c) measured, and 
(d) half distribution density and square array 
In Fig.5.23, there is not any obvious shear stress concentration around the top of the 
protrusion. Comparing square array with different densities, (a) and (d), the stress 
concentration in the regions between the protrusions is similar and just the regions are 
larger for (d). And similarly to the previous cases, for the rotated measured array, (b), 
there are regions of stress concentrations caused by the position of the next row of 
protrusions. However, the regions for higher stress concentration is small, indicating 
the influence of the next row of protrusions is limited. 
The crack growth direction 
(a) 
(c) (d) 
(b) 
Chapter 5  Modelling the Protrusion Distribution 
 
187 
 
Fig.5.23 Shear stress results of the first row protrusions from the joint step edge for 
four different submodels, (a) square array, (b) rotated measured, (c) measured, and 
(d) half distribution density and square array 
Overall, for square array with different densities, (a) and (d) in all the figures, it 
shows that in the regions between the protrusions, stress distributions are similar, 
while the hexagonal arrays (b) and (c) in the figure shows otherwise. 
Although the square and measured arrays, (a) and (c) are similar in terms of spatial 
arrangement, the stress between protrusions in the measured array, (c), is generally 
slightly higher than that in the square array, (a). The stress between the protrusions 
also built up in the measured array, (b), for all stresses. These stress concentrations 
are considered to arise from the existence of the protrusions in the next row towards 
the metal end of the joint axial direction, or away from the joint step edge. 
Under the global tensile loading (1-direction) condition, all stress components 
distribute in a similar manner. There are no consistent trends for the axial, peel and 
shear ((1, 2) plane) stresses. This is expected also to be true for the second and other 
The crack growth direction 
(a) 
(c) (d) 
(b) 
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rows of protrusions from the joint step edge, where lower stress concentrations are 
expected as shown by the results of the columns of protrusions. 
5.5 Summary 
Three dimensional submodels for different spatial arrangements were analysed. 
Detailed results from the composite region bottom surface and the stress profiles 
around the top of the protrusions were examined. The protrusions around the end of 
the joint step were compared. The first and second columns of protrusions from the 
symmetry plane, (1, 2) plane, and the first row of protrusions from the joint step, (2, 3) 
plane were compared to examine the spatial arrangement effects. The key factor is 
considered to be the space between the protrusions in the global loading direction. 
The importance of the stress concentration location has not been addressed. In the 
next chapter, Chapter 6, the failure processes will be presented and described, 
showing the importance of the stress concentration locations. These locations of 
stress concentration will be taken into account in Chapter 7 with detailed discussions 
regarding the comparisons between the 2 and 3-dimensional analyses. 
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6  
EXPERIMENTAL INVESTIGATIONS 
6.1 Introduction 
This chapter focuses on the global response of the joint under tension, which should 
allow for validation of the two and three-dimensional global models’ analyses, and 
further to support the results of the repetitive unit cell models and three-dimensional 
sub-models. 
This chapter is divided into two stages, with the first part concentrating on joint 
manufacture, while the second part is the tensile experiments. 
6.2 Joint preparation 
The joint studied in this project is designed for high performance applications, 
therefore, titanium alloy and cross-ply of carbon fibre prepreg have been used. For 
laminate preparation using the carbon prepreg, an autoclave has been employed for 
the manufacture process. 
6.2.1 Cross-ply composites 
The cross-ply composite used in this project is made of carbon prepreg with epoxy 
resin, HexPly
®
AS4/8552from Hexcel. According to the data sheet of the HexPly
®
 
products, this prepreg material contains typically 57 % carbon fibre by volume. When 
used in the joining system, cross-plies have been employed to cope with the tensile 
loads and these are 50% longitudinal, i.e. 0 degree, plies with 50% plies in the 
transverse direction holding the composite part of the joint on to the metal surface as 
the keying mechanism. The stacking sequence for the entire adherend cross-ply 
composite is [0/90]12S, where the ply thickness is roughly 0.125 mm. The mechanical 
properties of the prepreg unidirectional ply are listed below in Table.6.1 (also see 
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Table.3.2 in Chapter 3 as materials data used from literature for finite element 
analyses). 
Table.6.1 Tensile properties of AS4/8552 prepreg from datasheet* 
 Modulus [GPa] Strength [MPa] Failure strain [%] 
0° AS4/8552 141 (135) ** 2207 (2137) ** 1.55 
90° AS4/8552 10 81 N/A 
* - data for room temperature ** - data from US version Hexcel data sheet 
6.2.2 Titanium alloy joint part 
The titanium alloy used for the joining system in this project is Ti-6Al-4V, Ti64. 
Typical elastic properties are 114 GPa for modulus and 0.336 for Poisson’s ratio. 
Roughly, the whole joint is 25mm in width, 6mm in thickness, 15mm long for the 
joint steps, and 250 mm in length (150 mm gauge length). The diagram of the joint is 
shown in Fig.6.1, on which first and second step are marked as well as the positions 
for the strain gauges. 
 
Fig.6.1 Diagram of the joint 
The preparation of the surface patterns have been done by TWI applying Surfi-
Sculpt
TM
 technology, which employs electron beam operation on the titanium joint 
surface. The prepared titanium part of the joint is shown in Fig.6.2 and Fig.6.3. 
Fig.6.2 shows one side of the double-step with patterns of protrusions, marked on the 
picture with black strips. Fig.6.3 shows the side view of the joint steps including the 
The second step 
The first step 
Strain gauges 
Titanium  
Composites 
30 mm  
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shape of the protrusions, which are similar to the protrusion in the hill shape 2D unit 
cell models. 
The protrusion distribution density is obtained by the number of protrusions on the 
Comeld
 TM
 joint titanium joint steps divided by the area of the joint step. 
 
Fig.6.2 Titanium double-step with protrusions 
 
5 mm 
 
5 mm 
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Fig.6.3 Titanium double-step with protrusions, side view, half thickness 
6.2.3 Manufacture 
Before the lay-up process, the titanium joint needs some surface treatments to remove 
contaminations and etching for better bonding with epoxy resin. The surface 
treatments include grit blasting the surface with Al2O3 powder (120-200 mesh) to 
remove oil or grease contamination; wash in the detergent solution for 10 minutes at 
about 75°C; wash with cold distilled water and dry in oven for 5 to 10 minutes at a 
temperature less than 95°C; etch for 5 to 10 minutes at room temperature; wash with 
cold distilled water and dry in oven for 10 to 15 minutes at about 75°C. The lay-up 
process was carried out immediately after the surface treatment process. 
The detergent solution consists of METFIN AK 16, non-silicate immersion cleaner; 
tetrasodium pyrophosphate; sodium hydroxide; sodium metasilicate; and distilled 
water. The etchant consists of chromium trioxide; sodium fluoride; concentrated 
sulphuric acid; and distilled water. 
The composite part consists of carbon prepreg which requires hand lay-up and 
autoclave consolidation. The carbon prepregs have to be hand lay-up on to the 
processed metal surface to form the joint. 
One polished steel plate measuring 450450 mm were used as the platform for hand 
lay-up. Six titanium specimens were arranged with polycarbonate spacers between 
them and taped together. The required amount of pre-cut sheets of prepreg is 8 plies 
for each of the two steps and to the end of the stage (see Fig.6.4) with length varying 
 
1 mm 
Second step 
First step 
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of 105mm (section C and D), 120mm (section B and E) and 135mm (section A and F) 
as cross-ply with stacking sequence of [0/90]4. The laminates for each step have been 
laid up for six specimens all together (Fig.6.4section A to F). The laminate section B 
was laid up first and then section A on to the 6 titanium specimens. Then the entire 
laid up together part was turned upside down for laying up sections D to F one after 
another. 
 
Fig.6.4 Prepreg laminate lay-up schematic graph 
During all the lay-up process a heavy plastic tube was used to consolidate the 
laminate and push them on to the protrusions of the joint surface. During the lay-up 
process, it is impossible to force all the protrusions to penetrate the prepreg thickness, 
however, it was not considered as a problem as during the cure process, with the 
vacuum expelling entrapped air, the drop in viscosity of the resin and the high 
pressures used may allow the prepreg to move further down onto the protrusions. 
Once the lay-up process was completed, it was bagged up ready to go into the 
autoclave and was left over night, under vacuum consolidating. The prepared 
specimens were then put into autoclave at 20 psi pressure and 180°C for 2 hours. 
Typical Comeld
 TM
 specimens are shown in Fig.6.5 (a), and the resin rich area is 
shown in Fig.6.5 (b).In Fig.6.5, the “1” marked regions are obvious resin rich area, 
which have been caused by the cross-ply prepreg not being compressed down onto 
the step surfaces; the marked regions “2” shows the difference of the resin rich 
phenomenon whether the protrusion is present, which is the further evidence for the 
explanation of regions marked “1”. However, for the prepreg plies, the resin pockets 
can be caused by the resin bleeding on the side of the joint due to the plies pushed 
[0/90]4 
[0/90]4 
[0/90]4 
[90/0]4 
[90/0]4 
[90/0]4 
A 
B 
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down moving sideways during compaction processes. There could be some evidence 
of 90° fibre tows perpendicular to the plane between the protrusions (see Fig.6.5). 
(a)  
(b)  
Fig.6.5 Side views of typical Comeld
 TM
 specimens, (a) with ruler in mm, (b) resin 
rich area marked “1” 
 
(a)  
(b) (c)  
Fig.6.6 Both surfaces of the specimens, (a) side view of the joint top and bottom 
surfaces; (b) top view of the joint curved top surface and (c) bottom flat surfaces 
2 1 
 
5 mm 
 
5 mm 
 
5 mm 
 
5 mm 
(c) 
(b) 
 
5 mm 
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It can be noticed that the Comeld
 TM
 specimens have only the bottom (during 
autoclave) surface flat, in contrast the bagging side of the joint is curved a little where 
the same explanation for the resin rich area can be employed. The surfaces of the joint 
are shown in Fig.6.6. The curvature can also be caused by the differences in 
coefficients of thermal expansion of the joint components. 
The manufacture of these joints is complex and not always consistent. In some joints, 
the resin rich region near the protrusion foot is caused by the complexity of the 
manufacturing. A particular problem is at the ends of layers C and D (see Fig.6.4). 
Every effort was made to consolidate the joints. Despite these difficulties in 
manufacture, it is notable that failure did not initiate at these regions in any tests, see 
Fig.6.14. Manufacturing defects/flaws are key to joint behaviour; resin rich and 
depleted zones can be expected to influence load transfer behaviour and subsequently 
failure location and joint strength. 
6.2.4 Specimen preparation 
After the prepregs were fully post-cured, some resin bleeding was observed around 
the double-step region, see Fig.6.7; approximately 20 mm at the end of the composite 
edges were cut off using a water-cooled diamond saw ensuring the length of the 
specimens of 200mm and maintaining the double-step in the middle of the joint. 
The bled resin on the side of the specimens was carefully removed using a file 
ensuring no damage to the titanium part of the specimens and then the titanium 
surfaces were cleaned using Acetone. The length of 25mm was measured and marked 
from both ends of the specimens for clamping; the central positions from the marks 
(on titanium and composite) to the middle of the specimens were marked for the 
strain gauge to be mounted. Before mounting the strain gauges, the specimens’ 
dimensions were measured. The strain gauges positions are shown in Fig.6.1. 
After the two strain gauges were mounted on each specimen, the preparation for the 
tensile test was completed. The mounted strain gauges can be seen in Fig.6.8. 
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Fig.6.7 Titanium part of the joint with resin bled, the shiny part is the titanium 
 
Fig.6.8 The strain gauges mounted on the joint 
6.3 Experimental results 
Tensile experiments have been conducted. Date was acquired from the Instron 
machine for the force and displacement. And the local strain data was acquired from 
strain gauges. Tensile experiments’ results are presented and comparing with 2D and 
3D global models simulation. 
 3 mm 
 
5 mm 
Due to resin bleeding 
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6.3.1 Tensile experiments results to failure 
Typical performance of the joints under tensile load is presented. The final failure 
occurred as composite delamination and fibre breakage, see Fig.6.9, which shows that 
the final failure is caused by fibre breakage. However, the failure initiation is more 
complex. Tensile performance of load against displacement is shown in Fig.6.10 
(data obtained directly from the Instron machine; the stress was calculated using the 
nominal cross-section area). There were five specimens tested in tension, however the 
strain gauge for specimen A5 was broken and thus strain data was not acquired for 
that specimen. 
 
 
Fig.6.9 Typical tensile failure of the Comeld
 TM
 joints 
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Fig.6.10 Typical tensile performance, load against displacement 
Fig.6.10 shows at the beginning of the tests, there might be some slipping in the grips. 
Then the load displacement relation keeps almost linear before and after a slight drop 
in stiffness. Some kinks can be identified in the middle of the tensile test or close to 
the final failure, which is considered to be the crack initiation and propagation (or 
delamination) process. This also can be seen in the stress strain behaviour in Fig.6.11. 
There are some scattering in the ultimate load upon failure, from around 28 to 42 kN. 
The average ultimate load is 35.8 kN. This is considered caused by the manufacturing 
processes. During autoclave, the top surface of the specimens formed curvature near 
the position of the first joint step; while carrying out the tensile experiments, due to 
these curvatures, one side of the specimen may carry substantially more load than the 
other, resulting in the scattering of the failure load and reduction of the composite 
part stiffness from the strain gauge. 
In Fig.6.11, the local strains from the metal and composites part are shown as strain1 
and strain2 for all the samples. Strain1 of all the samples apart from A4 are shown 
(the strain1 data for A4 is not reasonable indicating faulty strain gauge), and are 
similar; strain2 of samples A4, B2, and B3 show similar initial linear response, and 
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significant non-linearity above around 120 MPa. The strength of the joints of samples 
except B2 is more than 200 MPa. 
 
Fig.6.11 Typical tensile performance, stress against strain from the strain gauges 
During tests, distinct cracking noise was heard indicting localised failure events. 
These appeared to occur after the slight stiffness drop on the load-displacement 
diagram, see Fig.6.10. 
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Fig.6.12 Stress against strain from the strain gauges on the composite part of the 
joint with first failure identified 
For the composite part of the joint, the first failure can be identified for samples B2 
and B3 in Fig.6.12. Otherwise, in the linear region, the estimated stiffness of the 
composites is ranging from 55.3 to 77.8 kN/mm with an average value of 61.8 
kN/mm. The stiffness data was calculated by the applied stress and local strain data. 
The stress-strain relation of strain on composite part of the joint in Fig.6.11 shows 
non-monotonic trend towards failure. This may be caused by the local delamination 
process and the effect of the uneven surface finish of the joint near the first step. This 
occurs prior to failure. The explanation is that the delamination occurred on top of the 
protrusions on the first step for both sides, and then stopped at the edge of the second 
step on the top surface of the joint (the flat surface from the moulding), at the 
connecting position of the first step to the second step, while delamination could 
continue on the other side of the step, (c) in Fig.6.6. 
Tensile test was also carried out with digital correlation technique with up to 10kN 
applied load, ARAMIS 3D (with two cameras) from GOM. The specimen was tested 
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within the elastic limit. The position of the area captured by the technique and the 
contour results are shown in Fig.6.13. Minus values indicate the direction change of 
the shear angle. 
 
Fig.6.13 Shear strain obtained by digital correlation method on the side of the joint. 
Shown in the figure, the shear strain angle mapping of the first step region shows 
obvious concentration at the first step (marked in the figure); this concentration is 
also obvious with strain mapping in other directions (not shown). The length of the 
step marked in the figure is 15 mm. There are signs of the protrusions on the first step 
(marked in the figure); although protrusions exist on both sides of the step, they are 
only visible on the top half. This is believed to arise from factors including 
manufacture of the protrusions and loading conditions. The specimen may not 
perfectly align with the tensile direction; the protrusions are created by the electron 
beam processes for a large area and then specimens are cut to size. Therefore when 
preparing the joint, there are chances that the protrusions were not on the side of the 
joint, i.e. after autoclave, the protrusions do not appear on the side of the joint all the 
  
First step Concentration due to protrusions 
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time. This misalignment may change the effective spatial arrangement slightly. 
During tensile loading, there might be misalignment with the clamps, and therefore, 
the specimen may rotate and twist slightly during tensile loading. However, these 
misalignments should not cause such big deflections in stiffness and strength shown 
previously. 
The failure of the joint occurred away from the composite-metal interface which is on 
the double-step surfaces, see Fig.6.14, where (a) and (b) showing different region of 
failure in detail. 
(a)  
 (b)  
(c)  
Fig.6.14 Typical failure condition of the tensile specimens, (a); (b) failure in the 
region I of the first step; (c) region II, the failure of the second step 
I 
II 
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The manner of failure is clear. With increasing applied load, initial failure appears 
near the first joint step with a snap sound and propagates towards the composite end; 
with increasing applied load, cracks initiate on the top of the protrusions and 
propagates along the top of the protrusions in the first step until the second step, see 
region I in Fig.6.14 (b); with a sudden snap noise crack initiates and propagates along 
the top of protrusions on the second step, see region II in Fig.6.14 (c) (this occurred 
for B2 in Fig.6.10); and then with the separation of the joint step and the composites 
final failure occurs with fibre breakage, in the case. Therefore, the explanation of the 
lower strength for sample B2 comparing with other samples was obtained. 
Typical fracture surfaces on the first step are shown in Fig.6.15, where (a) and (b), (c) 
and (d) are mirror failure surfaces. As explained in Fig.6.14, the fracture surfaces 
show that the delamination occurred on top of the protrusion region, not within the 
height of the protrusion, see (a) and (c) in Fig.6.15. Surfaces in (a) and (c) in Fig.6.15 
are two sides of the first step after failure, on which the protrusions are contained in 
the prepreg cross-ply composite and signs of delamination and fibre breakage are 
obvious which also can be seen in Fig.6.16. 
A few tips of the protrusions can be seen on both sides and more on the flat side of 
the specimen, see Fig.6.15 (a), which left small black dots on the composite fracture 
surfaces in Fig.6.15 (b) and (d); it has been explained that during the lay-up process it 
is impossible to force all the protrusions to penetrate the prepreg thickness, which can 
explain that not all the protrusions can be seen on the fracture surface. This can be 
caused by the moulding process (the base is flat metal and top vacuum bagging is not 
sufficient to make the top surface of the joint flat). The other possibility is that the 
protrusions are not exactly the same height. 
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(a) (b)  
(c) (d)  
Fig.6.15 Typical fracture surfaces of the failed joint, (a) fracture surface on top of the 
protrusions; (b) fracture composite surface  corresponding to (a); (c) the other 
fracture surface on top of the protrusions; (d) fracture composite surface  
corresponding to (c) 
 2 mm  2 mm 
 2 mm 
 2 mm 
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Fig.6.16 Failure of the joint at the end of the titanium double-step 
6.3.2 Comparison of modelling and experimental results 
Apart from extremely localised plastic deformation around the foot of the protrusions 
within the titanium, the modelling results shown are elastic (elastic-plastic materials 
properties were used for titanium). The typical elastic results from the experiments 
are shown in Fig.6.17, which shows that the performance is similar for different 
specimens for the linear part of the tests. 
The comparisons of the stress-strain results with homogenised composite 2D global 
models and the experiments are shown in Fig.6.18 including the effects of element 
types. The elastic-plastic properties were used for the titanium; however, only local 
plastic deformation occurred at around the foot of the protrusions, which can be 
ignored for the overall stress analysis. 
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2 mm 
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Fig.6.17 The elastic stress-strain results of the tensile experiments from strain gauges 
In Fig.6.18, for the strain data on titanium, the plane stress element model performed 
similar as the experiments turned out while the plane strain element model had a little 
stiffer behaviour; for the strain data on the composite, the plane strain element model 
performed similar as the experiments and a little stiffer than the plane stress element 
model as expected. 
 
Fig.6.18 The elastic stress-strain results comparison of the tensile experiments and 
simulation of 2D global model with homogenised composite region for different 
element types 
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The stress-strain results comparison of 3D global models and the experiments are 
shown in Fig.6.19. 
As shown in Fig.6.19, for the strain data on titanium the 3D global model results 
match the experiments well while the strain data on composite is stiffer for the 
experiments than the simulation. 
 
Fig.6.19 The elastic stress-strainresults comparison of the tensile experiments and 
simulation of 3D global model with homogenised composite region for stress element 
The different results for the composite region can be caused by the different material 
properties used from literature, see Table.3.2 and Table.6.1. The Young’s modulus 
from the literature is significantly smaller than the manufacturer’s data sheet. Scatter 
could be caused by the manufacturing issues summarised in section 6.4. 
6.4 Summary 
The results have shown that the failure is initiated at the end of the double-step area 
in the composite part of the joint. Some delamination from the butt end in the 
direction towards the end of the composite part may occur. Cracks then initiate 
around the top of the protrusions on the first step and propagate along the protrusions 
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until the end of the first step. In some cases, cracks also initiate and propagate along 
the second step. Final failure occurs at the steps with fibre breakage. 
For the manufacturing processes, there are issues need to be taken into account. 
Firstly, the curvature at the joint step may cause the axial fibres, especially on the 
joint surface, to deflect away from the desired direction; this may lead to some 
stiffness reduction. Secondly the resin rich regions at the joint step end may cause 
initial delamination within the composite; however, as shown in Chapter 7, this initial 
failure is not predicted to cause significant changes to the overall stress distribution. 
Thirdly, the prepreg can not always be pushed down completely leaving resin rich 
regions at the bottom of the protrusions; such resin-rich regions are not expected to 
contribute to the failure process since, as described above, failure is not observed in 
this region. Fourthly, there are slight misalignments of the protrusions which change 
the spatial arrangement of the protrusions; the simulations assume perfect spatial 
arrangement. Further, the height of the protrusions is not constant due to the creation 
processes of the protrusions through electron beam melting, etc. These manufacturing 
issues may cause some variability in the mechanical performance of the joining 
system. 
The 2D and 3D global models simulations agree well with the local strain especially 
on the titanium. On the composite, the experimental values of strain show more 
scatter, as expected from the manufacturing problems described above. Further, the 
material properties used for the composite were gained from the literature, and are not 
in agreement with the manufacture’s data. The modelling approach used for the 
global model analyses implies that the 2D unit cell modelling approach and 3D sub-
modelling approach can be used as guidelines for the optimisation of these joints. 
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7  
DISCUSSION  
7.1 Introduction 
In this chapter, after observing the failure processes (see Chapter 6), discussion of the 
importance of stress concentrations for the two and three dimensional analysis are 
presented. The effect of the geometric parameters are included along with 
considerations of the location importance for the two dimensional analysis. The 
protrusion distribution are included for the three dimensional analysis accounting for 
the stress concentrations location. Results of the two and three dimensional analysis 
for the protrusions on the step edge are compared and discussed. Considerations of 
the step joint design are also discussed. 
Through private communication with Dr Faye Smith from TWI, the advantage of the 
joining system can be seen in Fig.7.1, for tensile experiments. Typical comparison of 
the control and Comeld 
TM
 joints is shown with load and displacement data. The 
advantage of the joining system is clear. The displacement is much larger at failure 
for the Comeld 
TM
 joint. Discontinuities in the load-displacement curve can also be 
identified for the Comeld
 TM
 joint. This advantage can be explained. The protrusions 
change the stress distribution and concentration in the whole joint and delay the initial 
crack from propagation along the joint step or the bond line. Note that, both surfaces 
of the specimens manufactured by Dr Faye Smith were flat, i.e. the fibres were not 
deflected from the loading direction. 
Compared to the experimental results obtained in Chapter 6, the difference is clear. 
The differences include a clear plastic zone during loading. This difference is 
considered to be caused by the manufacturing processes, in particular, the surfaces 
flatness and axial fibre orientation. Both surfaces of the specimens tested in Fig.7.1 
were flat with a higher volume fraction of fibres. A flat panel was also put on top of 
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the specimens during autoclave to achieve the flat top surface finish. These 
differences are key for the different mechanical performances. 
 
Fig.7.1 Comparison of mechanical behaviour of Comeld ™ and control joints [Smith, 
2005] 
7.2 Global control model 
A two dimensional global control model was analysed to examine the local stress 
concentration difference brought by the protrusions. This control model shares the 
same dimensions and step design. 
7.2.1 Global control model geometry and boundary conditions 
The control model was analysed with the same geometry, load and boundary 
conditions as the global model of the Comeld 
TM
 joints with detailed protrusions. 
There are no protrusions on the joint steps. The schematic diagram for the control 
model is shown in Fig.7.2. 
 
Fig.7.2 Schematic diagram of the control model 
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7.2.2 Comparisons of the global model with detailed protrusions and global 
control model 
The region for comparison is marked in Fig.7.2. The comparisons of the axial, peel 
and shear stress concentrations are shown in Fig.7.3. Compared with the control 
model, the stress concentration is lifted away from the step surface to the top of the 
protrusion region. 
 
 
Fig.7.3 Stress concentrations of the composite regions for control model (a) peel 
stress, (c) shear stress, (e) axial stress; and for the Comeld ™ joint (b) peel, (d) the 
shear stress, and (f) the axial stress 
(a) 
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(e) (f) 
First joint step 
(b) 
(d) 
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For the peel stress, the stress concentrations around the step joint are very similar. 
The point of concentration is closer to the first step for the Comeld 
TM
 joint, see the 
horizontal arrows shown in Fig.7.3 (a) and (b). However, the maximum stress 
concentration occurs at the left foot of the first protrusion, towards the metal end of 
the joint. 
The shear stress concentration comparison of the global control model and Comeld
 TM
 
model is clear. There is almost 40% reduction in stress concentration around the first 
step. Comparing the control model maximum stress concentration (at the joint step) to 
that around the top of the first protrusion, there is even more reduction. The 
protrusions make it unlikely for the crack to propagate along the foot of the 
protrusions. Effectively, the shear stress concentration has been introduced into the 
composite by the protrusions. 
For the axial stress, the stress concentration is similar for both cases, which is at the 
first step corner. There is roughly 12% reduction in stress concentration for the joint 
with protrusions. And again, the stress was distributed more in to the composite 
regions around the protrusions. 
The effects of the Comeld
 TM
 joint compared to conventional adhesive joint are clear. 
In general, the protrusions distribute stresses further away from the joint bondline into 
the composite region. This potentially utilises the fibre reinforced composites more 
effectively. 
7.3 Experimental observations 
The main purpose of the experimental work is to understand the failure process and 
accordingly understand the importance of the stress concentration for the finite 
element analysis. Therefore, the effect of the geometric parameters can be better 
understood, and this is also true for the protrusion distribution. 
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7.3.1 Failure processes 
The failure processes can generally be described as follows. During the tensile test, 
with increasing applied load, 
1. Initial failure appears near the joint step with a snap noise 
2. Crack appears with a cracking noise and propagates along the top of the 
protrusions on the first step; it stops near the second step 
3. Crack appears and propagates near the top of the protrusions on the second 
step; in some cases, crack does not appear for the second step before final 
failure occurs 
4. Final failure occurs with a loud noise, as complete separation of the joint (in 
some cases, the crack does not appear for the second step). 
 
Fig.7.4 The side view of the failed sample (arrow indicates the tip of protrusion) 
2 mm 
  
2 mm 
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Fig.7.5 Load displacement diagram for typical Comeld
 TM
 samples 
Fig.7.4 shows the side view of the failed sample. As the tips of the protrusions can be 
seen on the failure surfaces, the failure is confirmed to occur around the top of the 
protrusion region. This is also shown in Fig.6.15 in Chapter 6. The initiation of the 
cracks can also be identified with the load extension diagram, see Fig.7.5, where the 
arrows indicate the probable initiation and propagation of cracks. 
7.3.2 Importance of different stress concentration locations 
From the descriptions of the failure processes and the final failure of the joint, it can 
be identified that the top of the protrusion region and the first step joint surface just 
ahead of the first protrusion are important. 
For the finite element analysis in two dimensions, the repetitive model represents the 
protrusions in the middle of the joint step. Therefore, the stress concentrations around 
the top of the protrusion regions are important. For the protrusions next to the step 
edge, the stress concentration at the region just ahead of the first protrusion is also 
important before the crack growth along the step occurs. Inevitably the final failure 
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will be the fibre breakage of the regions without the protrusions. However, the stress 
status has changed after the crack initiation. 
For the three dimensional analysis, protrusions near the step edge were analysed, 
therefore, the stress concentrations around the top of the protrusions are important. 
According to the importance of the stress concentration locations, two and three 
dimensional analysis will be discussed in the following sections to investigate effects 
of geometric and spatial arrangement parameters. 
7.4 Global model with crack 
Since manufacturing faults sometimes cause a resin rich region at the end of the joint 
step (see Fig.6.5). Premature failure could occur around the end of the joint. The 
effect of such failure on the overall stress distribution has been investigated. A small 
crack was created in the global model with protrusions to examine the effect on stress 
distributions.  
7.4.1 Global model with protrusions and crack 
The crack is marked in Fig.7.6. The load and boundary conditions were kept the same 
for the global model. The length of the small crack is four times the unit cell model 
width. Hard contact [ABAQUS, 2005] between the crack surfaces was defined. This 
is to ensure that there is not any mesh penetration. 
 
Fig.7.6 Schematic diagram of the global model with the initial crack 
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7.4.2 Comparisons of stress status of the protrusion on the joint step 
The comparisons of the protrusion at the joint step of global models with or without 
the crack are shown in Fig.7.7, 7.8, and 7.9. 
The axial stress distributions are similar as shown in Fig.7.7. The maximum stress 
concentration is enlarged by the crack for axial stress near the joint step. The stress 
concentrations around the top of the protrusion region are hardly influenced. The 
stress concentrations are listed in Table.7.1. 
 
Fig.7.7 Comparisons for the axial stress of the protrusion on the joint step 
 
Table.7.1 Comparisons of axial stress concentrations for selected regions 
 Normal Cracked 
Zone I 9.84e-1 9.99e-1 
Zone II 1.03e-0 1.04e-0 
Zone III 1.13e-0 1.41e-0 
 
(a) normal (b) cracked 
I II 
III 
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Fig.7.8 Comparisons for the peel stress of the protrusion on the joint step 
 
Table.7.2 Comparisons of peel stress concentrations for selected regions 
 Normal Cracked 
Zone I 8.02e-2 8.63e-2 
Zone II 4.79e-2 5.29e-2 
Zone III 8.77e-4 9.52e-2 
The peel stress distributions are similar and are shown in Fig.7.8. The stress 
concentrations are increased by the crack for all three marked regions, especially for 
III, which is near the joint step. In regions I and II, the increases are not substantial. 
The stress concentrations are listed in Table.7.2. 
 
Fig.7.9 Comparisons for the shear stress of the protrusion on the joint step 
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Table.7.3 Comparisons of shear stress concentrations for selected regions 
 Normal Cracked 
Zone I 8.74e-2 9.69e-2 
Zone II 8.42e-2 8.60e-2 
Zone III 1.08e-2 1.28e-2 
Zone IV 6.03e-2 5.98e-2 
Zone V 2.41e-3 5.63e-3 
Zone VI 8.61e-2 1.66e-1 
The shear stress distributions are similar as shown in Fig.7.9. The stress 
concentrations are listed in Table.7.3. The stress concentrations are similar for 
regions II, III and IV.  In regions I and VI, the stress concentration increased 
significantly. Especially for VI, it is almost doubled, which is near the joint step. In 
region V, the shear stress changes direction compared to the normal global model, 
however, the values are relatively small. Note that the minus values indicate direction 
change for the shear stress. 
To summarise, stress distributions around the top of the protrusion are not 
significantly affected by the small crack. Stress concentrations near the joint step are 
increased by the existence of the crack. Therefore, the crack in the composite next to 
the joint step is not significant for the investigation at the stress concentrations around 
the top of the protrusion region at this stage. 
7.5 Two dimensional analysis 
For the two-dimensional analysis, the stress concentrations results are presented with 
discussions according to the importance of the local stress concentration. The effect 
of geometric parameters will be further analysed. Height, shape, and angle effect will 
be discussed to identify the optimised parameters under global tensile loading. 
7.5.1 Importance of the local stress concentration 
Stress concentration contours of peel and shear stresses are shown in Fig.7.10 to 
demonstrate the important regions for protrusions on the joint step edge. 
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Fig.7.10 Stress concentration zones for peel and shear stress around the protrusion 
at the step edge 
The important zones are marked in Fig.7.10. For the 1mm perpendicular protrusion, 
the right straight boundary of the protrusion just next to the top is marked for the peel 
stress. On the left of the region, there is not any obvious stress concentration (minus 
values in this case is compression). Four zones around the top of the protrusion region 
are marked for the shear stress. 
For the repetitive protrusions (representing protrusions in the middle of the joint step), 
the important zones are marked in Fig.7.11 for different stress components. The 
region around top of the protrusions is the only concern, as failure occurs away from 
the foot of the protrusions. 
 
Fig.7.11 Stress concentration zones for axial, peel and shear stress around the 
protrusion with repetitive boundary conditions 
II II V 
III  IV 
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The cracks around the top of the protrusion regions initiate and propagate very 
quickly. Fibre breakage is not present at the crack initiation and propagation, 
therefore axial stress concentrations are not important at this stage. The delamination 
is caused by shear stress assisted by peel stress. At the final failure of the joint, fibre 
breakage and interface failure can be found at the first step near the step corners and 
sometimes also at the second step. This due to the increased loading after the cracks 
propagated along the top of the protrusions. 
As discussed in Chapter 4, the height effect was investigated with square array spatial 
arrangement assumption for the measured protrusion distribution density, and for the 
perpendicular protrusions only, where the shape effect has not been included. For 
different shape of the protrusions, the volume was kept the same for the unit cell 
models, see Chapter 3 for the definition of the protrusion height and angle. The shape 
and angle effects are explored for the 1mm height protrusion. However, it is 
considered that the height effect for the measured protrusion distribution density and 
perpendicular protrusions can be extended to different protrusion distribution 
densities. 
7.5.2 Optimisation of the end protrusion 
As shown in Chapter 4, Fig.4.21 and 4.26, for both parallel and hill shapes, the peel 
stress concentration around the top right of the protrusion moved down as the 
protrusion turns towards the metal end of the joint; since the protrusion angle makes 
the change more gradual in material stiffness for the minus protrusion angle. And in 
addition, for the hill shape, at the left side of the protrusion, distinct peel stress 
concentration stays in Zone I. 
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Fig.7.12 The maximum stress concentrations of peel and shear stress around the top 
of the end protrusion – shape and angle effect 
The maximum stress concentrations for the whole region around the top of the 
protrusion are compared in Fig.7.12. In the case of peel stress concentrations, the 
angle effect is clear: stress concentration reduces with protrusion angle towards the 
metal end of the joint for the hill shape protrusions. Hill shape shows slight lower 
stress concentration for the protrusion angle towards the composite end of the joint. 
Minus angle hill shape protrusions significantly reduces the peel stress concentration 
around the top of the protrusion region. 
For shear stress, the trend is not clear. The only obvious stress distribution change is 
due to the protrusion angle and geometric difference. Otherwise, the stress 
distributions are similar for different protrusion shapes, see Fig.4.23 and 4.28. The 
maximum stress concentration results from the around the top of the protrusion are 
not monotonic since values are extracted from different zones at different angles (see 
Table.4.20). For the 30 degree protrusions, hill shape protrusions show higher values 
of maximum stress concentration. For the 20 degree protrusions, hill shape 
protrusions show lower values of maximum stress concentrations. For all other angles, 
hill shape protrusions show similar maximum stress concentrations with parallel 
shape. The plus 20 degree hill shape protrusion shows the lowest shear stress 
concentration. 
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The maximum stress concentrations around the top of the protrusion region for 
different protrusion height are shown in Fig.7.13. For all regions around the top of the 
protrusions, trends for the height effect are clear. Generally higher protrusions show 
lower maximum shear stress concentration and the peel stress concentration only 
varies slightly. 
 
Fig.7.13 The maximum stress concentrations of peel and shear stress around the top 
of the end protrusion – height effect 
To summarise, the stress concentration around the top of the protrusion region at the 
joint step, maximum values stress concentrations from this region have been 
examined carefully. Plus 20 degree hill shape protrusion shows lowest shear stress 
concentration. However, the stress concentration increases dramatically for protrusion 
angle of plus 30 degrees, where stress interactions between the protrusion and the 
joint step occur. The peel stress is greatly reduced for minus protrusion angles for the 
hill-shaped protrusions. Minus 20 degree hill-shaped protrusion is considered to be 
the best to minimise peel stress whereas the shear stress only increase slightly. With 
protrusion height, the stress distributes more into the composite region and lower 
stress concentration was found. 
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7.5.3 Optimisation of the repetitive protrusion 
The repetitive protrusions are examined to explore the propagation of the cracks 
along the tops of the protrusions. Peel and shear stresses from the top of the 
protrusion region are compared to optimise the angle, shape and the height of the 
protrusion. 
 
Fig.7.14 The maximum stress concentrations of peel and shear stress around the top 
of the repetitive protrusion – shape and angle effect 
The comparisons for the maximum values of peel and shear stress concentrations for 
the shape and angle are shown in Fig.7.14. These stress concentrations are from the 
top of the protrusion region. Due to symmetry, the values show symmetric behaviours 
for the protrusion angle. Peel stress concentrations are not sensitive to the protrusion 
angle change for different shapes; and values are lower with the hill shape. Shear 
stress concentrations increased slightly with angled protrusions compared to the 
perpendicular case. For reduced peel stress concentration, plus or minus 10 degree 
hill shape protrusions can be selected. 
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Fig.7.15 The maximum stress concentrations of peel and shear stress around the top 
of the repetitive protrusion – height effect 
Maximum stress concentrations for the peel and shear stresses from the top of the 
protrusion region are shown in Fig.7.15 for the height effect. The peel stress 
concentrations vary slightly with protrusion height. The low value of peel stress 
around the top of the 0.5 mm protrusion arises from the near circular shape of this 
protrusion. 
For the maximum shear stress concentration of the top of the protrusion region, the 
trend is clear that with protrusion height, stress concentration reduces. Shear stress 
concentration is generally larger than the peel stress concentration. 
To summarise, the angle effects of repetitive protrusions are smaller than those for 
the end protrusion. Angled protrusions lead to lower peel stress and only a small 
increase in shear stress. The height effects of repetitive protrusions are also smaller. 
And again, with protrusion height, the stress distributes more into the composite 
region and lower stress concentration was found. 
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7.6 Three-dimensional analysis 
For the three-dimensional analysis, spatial arrangements were included. The effect of 
the spatial arrangements will be compared. 
7.6.1 Importance of protrusion distribution 
The importance of stress components and local stresses are the same as the two-
dimensional analysis. Therefore, peel and shear stresses were selected for the 
discussion; the axial stress would contribute to the final failure when the stress states 
are changed due to delamination of the composites. The local stress concentrations 
are from around top of the protrusion regions marked in Fig.7.10 for peel and shear 
stresses. 
7.6.2 Importance of the spatial arrangements 
For the local peel stress, the stresses around the top of the protrusion on the joint step 
are compared for different spatial arrangements. The maximum values of peel stress 
around the top of the protrusion on the joint step edge from the first and second 
column is shown in Fig.7.16.  
The effect of the spatial arrangements is clear. For the half density square array 
arrangement, the local peel stress is the lowest. The maximum local peel stress is 
from the rotated measured array, and the other arrangements are showing similar 
values. The effect of spatial arrangements is similar for the second column. The 
square array arrangement shows similar values between first and second column of 
protrusions, where others are reduced. The indication for the protrusion distribution is 
clear, the measured array shows lower local peel stresses, and reducing the protrusion 
distribution can reduce the local peel stresses. 
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Fig.7.16 Maximum peel stress for the protrusion on the edge of the joint from the first 
and second column; the marked zones are shown in Fig.7.10 
For the local shear stress, the first protrusion on the joint step was compared for 
different spatial arrangements. The maximum values of shear stress around the top of 
the protrusion on the joint step edge from the first and second column are shown in 
Fig.7.17 and 7.18. The values shown in the case of shear stress. 
 
Fig.7.17 Maximum shear stress for the protrusion on the edge of the joint of the first 
column, the marked zones are shown in Fig.7.10 
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Fig.7.18 Maximum shear stress for the protrusion on the edge of the joint of the 
second column, the marked zones are shown in Fig.7.10 
With local shear stresses, marked zones at around the side of top of the protrusions 
are important. Zone II shows higher values comparing with the other zones in both 
cases. The measured array shows a little increased shear stress compared to the first 
column protrusion, and other arrangements stress hardly changes. 
With tensile load applied globally, square array protrusions responses are similar 
within the row (comparing first and second column protrusions), especially for the 
maximum stress concentration locations. For the hexagonal like arrangements, due to 
the shifted location from the neighbouring protrusion rows, the induced stress 
concentration shifts with the protrusions. 
Generally, local shear stress is small for Zone III and V and intermediate for Zone IV, 
which is near the tip of the protrusion. 
7.6.3 Protrusion spacing 
To summarise, the measured array and square array with reduced density of 
protrusions lower the peel stress concentrations. Measured array of protrusions shows 
lower shear stress concentrations around the top of the protrusion region. The 
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indication is clear that the distance between the protrusions in the loading direction 
determines the level of stress concentrations around the top of the protrusion region. 
As shown in Fig.7.19, it is clear that axial and shear stress reduces with increasing 
distance in the axial direction; peel stress reduces and then increases slightly, 
indicating further increase for too high spacing. Stresses are extracted from the first 
column of protrusions around the top of the protrusion region. 
 
Fig.7.19 Effect of distance between protrusions in 1-direction for the stress around 
the top of the protrusions 
Local maximum stresses in arrangements (a) and (b) (see Fig.3.31 for arrangement 
definition) are very similar despite the change in arrangement in the through-the-
width direction. (b) and (c) are the same near hexagonal arrangement, but the 
separation in the axial direction is larger in (c) resulting in lower local stresses. (a) 
and (c) have the same protrusion distribution density, but the hexagonal arrangement 
of (c) causes significant reduction in axial and shear stresses, and some reduction in 
peel stress. The reduced protrusion distribution density arrangement of (d) causes 
smaller stress reduction compared to arrangement (c) showing the importance of the 
1-direction distance. 
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These observations show that the hexagonal arrangement tends to cause lower local 
stresses, provided that protrusions are arranged with maximum separation in the 
direction of applied load. Reducing the protrusion distribution density from the 
measured density used is beneficial, but half the density may be too much for 
hexagonal arrangement of protrusions as this may cause increase in peel stress. 
7.7 Comparisons for two and three dimensional analyses 
In the two dimensional analysis, two conditions have been considered, where in the 
three dimensional analysis, submodels from the joint step edge have been considered. 
The comparable figures are the protrusions on the joint step edge. The assumption for 
the two dimensional analysis are many, one of which is to assume square array spatial 
arrangement. Therefore, comparisons can be made between the two and three-
dimensional analyses. The edge protrusion model of the two-dimensional analysis 
and the protrusions from two columns in the square array three-dimensional analysis 
were compared. Axial, peel, and shear stress contours are compared in Fig.7.20, 7.21 
and 7.22 respectively. The first and second columns are defined in Chapter 5, see 
Fig.5.13. The first column is next to the symmetry plane. 
 
Fig.7.20 Axial stress comparisons between cross-sections of (a) 3D square array first 
column, (b) 3D square array second column, and (c) 2D protrusion at the step edge 
The comparisons in Fig.7.20 to 7.22 are from different applied loads. For two-
dimensional analysis, stress concentrations were the main focus (unit pressure load 
was applied), whereas 116 MPa was applied for the three-dimensional analysis. 
(c) (b) (a) 
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However, the scales have been manipulated so that the contours can be directly 
compared. 
 
Fig.7.21 Peel stress comparisons between cross-sections of (a) 3D square array first 
column, (b) 3D square array second column, and (c) 2D protrusion at the step edge 
 
Fig.7.22 Shear stress comparisons between cross-sections of (a) 3D square array 
first column, (b) 3D square array second column, and (c) 2D protrusion at the step 
edge 
Clearly, the stress distributions are similar for all the stress components in the figures. 
Especially for the peel and shear stresses, stress concentrations occur at nearly the 
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same locations. For axial stress in Fig.7.20, the recalculated stress range is similar to 
those of three-dimensional analysis, and the maximum value of axial stress for the 
two-dimensional model is slightly lower. 
However, for peel stress in Fig.7.21, the maximum stress concentrations are smaller 
compared with the three-dimensional analysis, 8.9 MPa comparing with 12.9 MPa, as 
well as for the top of the protrusion region, 6.1 MPa comparing with 7.5 MPa. 
Generally, the peel stress concentrations are lower for the two-dimensional analysis. 
For the shear stress, the stress concentration is different for the two-dimensional 
analysis. For marked stress concentration locations in Fig.7.22, region I, the value of 
stress concentration is significantly higher for the three-dimensional analysis, 16.3 
MPa comparing with 8.4 MPa; region II, the value of stress concentration is higher 
for the two dimensional analysis, 8.2 MPa comparing with 5.5 MPa; region III, the 
values of stress concentration are similar with small variation, 11.4 MPa for three-
dimensional model comparing with 11.2 MPa for two-dimensional model. 
For the two dimensional analysis, one of the assumptions is the two-dimensional 
model represents the cross section of the protrusion, and plane strain elements were 
used. Therefore, in the cases of peel and shear stresses, interactions between the 
neighbouring protrusions in the through-width direction were not taken into account. 
This may explain that there is less peel and shear stress in the two dimensional 
analysis results. 
7.8 Other techniques 
Improvements in through-thickness strength of composites can be achieved by the 
insertion of metal or fibrous composite pins through the thickness; these are described 
as z-pins [Mouritz, 2007]. However, reduction for the in-plane mechanical properties 
of z-pinned composite laminates has been observed; such reduction may be due to 
combined effects of fibre volume fraction change, resin-rich pockets around the z-
fibres causing stress concentrations and misalignment of the laminate longitudinal 
fibres (in-plane and out-of-plane), caused by the insertion of z-fibres [Lenzi et al., 
Chapter 7  Discussion 
 
232 
2007; Grassi et al., 2002]. Similarly, the existence of the protrusions may have the 
same trend reducing the in-plane mechanical properties for the composite part of the 
joint, as the protrusions are much larger than the fibre tow dimension. 
The Comeld
 TM
 joining system is designed to improve metal-composites joints using 
through-thickness inserts from the metal step into the composite laminate. Comparing 
Comeld
 TM
 joint and z-pin reinforcement, the essential difference is that in Comeld
 TM
 
joints, the protrusions are created from, and connected to, the metal joint surface, but 
z-pins are individual pins. The effects of z-pins on delamination behaviour have been 
studied using miniature experiments which showed that bridging of delamination 
cracks may suppress the growth of the crack [Cartié et al., 2004]. Improvement in 
joint behaviour using through-thickness z-pins in the adherends has been shown to 
significantly improve joint performance [Mouritz, 2007]. The effect of z-fibre 
insertion depth has been studied using finite element analysis [Grassi et al., 2003]: 
through-thickness z-pinned laminates were predicted to perform significantly better 
than those of smaller insertion depth laminates. The analysis of Comeld
 TM
 joints 
regarding the protrusion height effect indicated that higher protrusions reduce the 
danger of delamination progress along the top of the protrusions, which suggests a 
similar trend to that found for z-pinned laminates. 
Rugg and his co-workers [Rugg et al., 1998] studied the effect of angled through-
thickness metallic rods the delamination of reinforced carbon fibre epoxy single lap 
joints. Although the angle effect has not been fully investigated, some trends could be 
recognised. They found that the so called orientation R of the inserted metallic rods, 
which was oriented against the loaded end of the adherend of the lap joint, and the 
angle was approximately 39º, contributed more effectively. Similar results were 
found in the miniature experiments [Cartié et al., 2004] which showed that angled 
inserts opposing the shear were most effective in restricting delamination growth. 
Reduction for the in-plane mechanical properties of the z-pinned composite laminates 
was also observed, and these may be due to combined effects of fibre volume fraction 
change, resin-rich pockets around the z-fibres causing stress concentrations and 
misalignment of the laminate longitude fibres (in-plane and out-of-plane), caused by 
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the insertion of z-fibres [Lenzi et al., 2007; Grassi et al., 2002; Mouritz, 2007]. 
Similarly, the existence of the protrusions may have the same trend reducing the in-
plane mechanical properties for the composite part of the joint. 
Although the size of the protrusions is not studied, finer protrusions may be preferred 
as reported that the significant degradation of mechanical properties such as modulus 
and strength can be avoided by using finer z-fibres [Chang et al., 2006]. For 
compression strength, it was suggested that increasing pin density was more 
detrimental to in-plane compression strength, in other words, for the same density, 
finer z-fibre insertion offers higher compression strength, for the same diameter, 
smaller volume density z-fibre insertion offers higher compression strength, and the 
effect of density is greater than that of the diameter [O’Brien et al., 2006]. 
It is hopeful that these techniques may reveal some inspirational indications for the 
future research of the Comeld
 TM
 joining system.  
7.9 Summary 
The advantage of the Comeld 
TM
 joint over conventional control joint is clear. The 
importance of the stress concentration location was discussed. According to this, the 
effects of height, shape and angle of the protrusions were further assessed. Protrusion 
height of 1.75mm shows lower stress concentrations. If it is desired to investigate the 
height together with the shape and angle effects, there are many more parameters to 
be considered. These include the width of the unit cell model. This is difficult to 
achieve for the plus and minus angle protrusion models with increasing height. The 
models will be less tractable for greater protrusion angles. This could be solved with a 
different spatial arrangement that leaves more distance between the protrusions in the 
axial direction. The discussion on the height of the protrusions only investigated the 
situation for the height of the protrusion smaller than the joint thickness. The height 
can be designed to reach or exceed the height of the composite thickness, which may 
result in the protrusions acting as crack stoppers which can toughen the composite 
part of the joint and lead to higher joint strength. In this way, the failure of the joint 
may no longer take place at the interface. 
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However, the material forming the protrusions is taken from the joint step. The higher 
the protrusions (if maintaining the protrusion radius), the more material needs to be 
taken from the joint step to create the protrusions and the amount of material taken 
could be significant. This may weaken the metal joint step severely. Therefore, to 
maintain performance, thicker joint steps may be desired, and this will result in a 
heavier joint. This may be a very important issue for high performance industries, 
which sometimes require the best performance over weight ratio. 
The crack initiation and propagation processes are found to occur from a combination 
of peel and shear stress concentrations. The improved performance of Comeld
 TM
 
joints has been demonstrated both experimentally in work carried out in parallel to 
this research (see Fig.7.1) and from comparative finite element analyses. 
The optimisation of the end protrusion is obtained from the consideration of the 
reduction of peel stress for protrusions with hill shape angled towards the metal end 
of the joint. The peel strength, at around 80 MPa (see Table.3.2, Chapter 3), is the 
lowest strength, so reduction in this stress concentration should improve joint 
performance. The shear strength is around 128 MPa (see Table 3.2, Chapter 3), 
almost 60% higher than the peel strength, and the stress concentrations of shear stress 
is similar to peel stress for the positive angle, hill-shaped protrusions. Therefore, the 
negative protrusion angles should improve joint performance, since the peel stress 
concentration is reduced although there is a slight increase in shear stress 
concentration. 
The repetitive protrusion has smaller reductions in peel stress concentrations for 
angled protrusions and a slight increase in shear stress concentration. Angled 
protrusions should improve joint performance. As the crack propagates, it will lose 
the repetitiveness, so negative protrusion angles should improve the performance of 
the joint. This improvement for angled through-thickness insertions is also found in 
some other enhancement techniques [Rugg et al., 1998; Cartié et al., 2004]. 
This research has shown that the optimised density of protrusions is lower than that 
originally proposed and used in the experimental work. The optimisation of the array 
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is more complex; the prediction indicate that the protrusions should be arranged well-
spaced in the loading direction which is most easily obtained using a hexagonal 
arrangement. 
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8  
CONCLUSIONS AND FUTURE WORK 
A summary of the basic conclusions of this work is given here. 
Chapter 3 describes the methods used for the two and three dimensional analyses. 
Chapter 4 reveals the effects on the stress response of two different protrusion shapes 
along with different protrusion angle and different protrusion height. Significant 
differences were found between parallel and hill shape two dimensional unit cell 
models with protrusions with negative angles or greater height corresponding to 
lower values of stress concentrations under global tensile loading. 
 Chapter 5 reveals the effects of the protrusion distribution pattern. Stress responses 
were investigated. The key factor to reduce the maximum stress concentration around 
the protrusion tip is the distance between the protrusions in the axial direction. This 
arises from the interaction between the protrusions leading to stress concentration 
around the top of the protrusions. 
Chapter 6 presented limited experimental work in an attempt to understand the failure 
processes and the possible influence of the manufacturing processes. The findings 
indicate the importance of the local stress concentrations. The two and three 
dimensional finite element analyses for the globally tensile loaded joining system 
were also compared to the experimental work in the elastic region and reasonable 
agreement was found. 
The results of the two and three dimensional analyses were further investigated in 
Chapter 7. The locations and values of the stress concentrations were considered. The 
effects on the parameters, such as protrusion shape, height, orientation, and 
distribution patterns were further discussed. Based on the stress concentration results 
of the shear and peel stresses before failure occurs, the minus 20 degree hill-shaped 
protrusion is considered to be the most appropriate angle and shape for protrusions 
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both on the joint step and in the middle of the step. In this work, three distribution 
patterns and two distribution densities have been investigated. The hexagonal 
distributions considered were the array used for the experimental work, and the same 
array rotated through 90 degrees such that the distance between the protrusions 
aligned in the loading direction was halved. Further analyses were carried out for a 
square array. Both hexagonal and square arrays were analysed at the protrusion 
density used for the experimental work and half that density. On this basis, the 
preferred arrangement, giving lower peak stress concentrations, is a hexagonal array 
oriented so that the distance between the protrusions aligned in the loading direction 
was maximised, and a lower protrusion distribution density than used in the 
experimental work. Two and three dimensional analyses were compared. Similar 
stress distributions were found, although the two-dimensional analysis results in 
generally lower maximum values of stress concentration for the peel and shear 
stresses. This was caused by the limitation of the two-dimensional analysis which 
cannot take into account interactions between neighbouring protrusions in the width 
direction. In addition, the design and manufacture issues were raised for further 
research. 
This work can be considered the very beginning of a new era of joining technology. 
Therefore, more needs to be done to gain better understanding of the joining system. 
First of all, the manufacturing limitations must be studied carefully to frame the 
simulation work (these include the curvature at the joint step, the resin rich region, 
the fact that the prepreg cannot always be pushed down completely, slight 
misalignment of the protrusions, height of the protrusion not being exactly the same, 
etc.). Secondly, as the scatter in the experimental work is large, most probably arising 
from the manufacturing limitations, further experimental studies are necessary. In 
addition, fatigue and environment studies are desired to further develop and optimise 
this joining system. Thirdly, further study of the effects of the geometry of the 
protrusions, including the protrusion radius and different spatial distribution patterns 
and densities, may be required. Fourthly, work must be done to investigate the failure 
mechanisms for the joining system before it can be utilised in the wide range of 
industries that require bonding of composites and metal, including the automobile and 
Chapter 8  Conclusions and future work 
 
238 
aeroplane industries. The development of a suitable failure criterion is important. Last 
but not least, it was assumed that the titanium alloy properties are homogeneous, 
however a metallurgical investigation is needed to check this assumption since the 
electron beam process melts the metal. 
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Based on the variation principle of the potential energy, the element-free Galerkin method is developed
with radial basis function interpolations to solve Comeld™ joints two dimensional stress distributions.
The aim of this work is to show the efﬁciency and accuracy of the meshless method to the multi-region
problems comparing with ﬁnite element method using ABAQUS. Considering large number of protrusions
of joint, a unit cell models with one protrusion has been proposed. Numerical modeling with correct
boundary conditions of unit cell has been veriﬁed through different numerical algorithms. The accuracy
and convergence of mesh free method are demonstrated with several examples.
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1. Introduction
With the widespread applications of polymer matrix compos-
ites, making individual components is just the ﬁrst step; assembly
and joining separate components made of different materials
introduces problems. Conventionally, joining techniques include
mechanical fastening and adhesive bonding. The technology for
joining metals is quite mature including a number of processes:
riveting, bolting, welding, adhesive bonding, brazing and soldering
[1]. However, the technology for joining composites or composites
to metal is less well understood, but still important. In structures
made of or consisting of polymer matrix composites, the compo-
nents must be joined to retain the structural integrity in the face
of both mechanical (static and dynamic) and environmental loads
[1].
In general, joining is required when there is need to: (i) produce
larger physical size, (ii) create ‘‘un-mouldable” geometries, (iii) co-
join two dissimilar materials, or (iv) preserve a degree of access [2].
For structural applications [3], the important issues for joint per-
formance regardless of the joining technology used include the
strength of the joint under static and dynamic loads, the resistance
of the joint to impact loads, the effect of resin ageing, residual
stresses, creep, foreign ﬁllers such as particulates, ﬁbres, and bond
heating sources, and the inﬂuence of environmental factors such as
temperature, moisture, and solvents. Each of these issues must be
addressed when selecting the proper joint design with as much if
not more respect as is the case in material selection for the overall
structure [4]. Formation of a whole structure with complex geom-
etry using composite materials would be extremely difﬁcult to
mould. For such applications, the connection of dissimilar material
components is vital.
1.1. Mechanical fastening
Typical assemblies include threaded and unthreaded fasteners
with interlocking design features, and metallic and thermoplastic
riveted assemblies [3]. These fastenings can either be permanent
or consist of joints that can be opened or closed. Mechanical fas-
tening offers the following advantages [5]: (i) no need of surface
preparation, (ii) they are not sensitive to adversely affected by
thermal cycling loads or high humidity environments, (iii) they
can be disassembled without structural or surface damage, and
(iv) they are easy to inspect visually for damage/wear. The unique
characteristics of composite structures raise many difﬁculties asso-
ciated with mechanical fastening [4] including some of the follow-
ing disadvantages: (i) cyclic loading, in-plane shear, and transverse
pulling forces can lead to high stress concentrations; (ii) cold ﬂow
can cause deformation of fasteners or holes and can lead to fas-
tener loosening or pull-out, and joint failure; (iii) fastener tear-
out or pull-through can also be observed especially with thin
adherend materials; (iv) stress proﬁles are complex and multiple
failure mechanisms are possible; and (v) increased weight, part
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count, and costs. Mechanical fasteners can fail in a variety of
modes, including tension, shear, bolt, and cleavage-tension failure,
as well as from bolt pull-through [1,6,7]. In the case of vibration,
mechanically fastened components can show fretting due to small
relative movement between the components, while adhesive
bonding eliminates and even serve to damp the vibration. Further-
more, the failure mode for any given joints is highly dependent of
geometry, and still may vary with the ﬁbre orientation or laminate
stacking sequence. For instance, connecting composite compo-
nents with pinned or bolted joints may reduce costs and desired
for its simplicity, however, drilled holes often lead to the reduction
of the load carrying capacity due to the stress concentration
around the boundary of the holes. Special attention must be given
for the design of bolted joints to avoid catastrophic failure. These
mechanical fastened joints normally suffer from three failure
modes, which are net-tension, shear-out and bearing, reported by
_Içten et al. [8].
1.2. Adhesive bonding
Adhesive bonding is widely used for joining sheet materials for
load-bearing engineering applications, and also for transferring
loads in large structures for civil engineering. The development
of adhesive bonding has depended heavily on understanding of
the chemistry involved [3]. A vast literature of research exists on
adhesive bonding of composites, and several key issues have been
identiﬁed [7,9–11]. These include adhesive selection, surface prep-
aration of the composite adherends, wetting, mechanisms of bond-
ing, durability, and bonding of dissimilar materials. Generally,
adhesive bonded joints can carry greater loads than mechanically
fastened polymers or composites, due to more uniformly distrib-
uted loadings over large areas resulting in lower stresses and fewer
stress concentrations. The strength of the adhesive material usu-
ally determines the maximum bond stress, and the chemical struc-
ture and temperature of the adhesive ultimately determines the
mechanical behaviour of the joint during its operating life [4].
According to Comyn [12], there are six theories of adhesion,
physical adsorption, chemical bonding, diffusion, electrostatic,
mechanical interlocking and weak boundary theories. Epoxides
are the most widely used structural adhesives for composite bond-
ing, and they are also used as matrix resins for composite. Epoxide
resins can be mixed with a wide range of hardeners to connect dis-
similar components. During the application of epoxide adhesives
there is no volatile formed on hardening with very low shrinkage,
but may cause skin diseases [12].
1.3. Comeld™ joints
Adhesive bonding and mechanical fastening both have advanta-
ges and disadvantages, as reported by Smith [13]. Despite disad-
vantages including weight, bonding strength, stress distribution,
surface ﬁnish, mechanically fastened joints containing composite
materials can be designed to compete with adhesively bonded
joints. Mechanically fastened joints can also be disassembled rela-
tively easily in comparison to adhesively bonded joints, which
make them attractive for inspection, repair and recycling purposes
amongst others. This means that, in industry sectors used to deal-
ing with metals, mechanical fasteners have been commonly used
to join composite materials to themselves and other materials.
The Comeld™ joining system is designed to enable the improve-
ments for metal-composites joints. This technology use both adhe-
sive and mechanical bonding mechanisms, and careful design of a
joining system leads to the advantages of both methods. Comeld™
joints connect metal and composite components with the applica-
tion of a new surface treatment technique, called Surﬁ-Sculpt™, on
the metal surface. Surﬁ-Sculpt™ technology has been developed by
TWI using an electron beam to create various surface textures
through the manipulation of the electron beam. This technique is
applicable to a wide range of materials, allows the creation of a
range of hole and protrusion patterns, which can be precisely con-
trolled. Comeld™ is the application which uses Surﬁ-Sculpt™ to
create protrusions and cavities on and in the metal onto which
the composite is laid and cured, forming the Comeld™ joint. A typ-
ical titanium metal surface is shown in Fig. 1. Comeld™ joining
system has certain advantages in joining dissimilar components.
However, further research is required to investigate the mecha-
nisms of the protrusions. In addition, there are many possible vari-
ables which could be adjusted with Surﬁ-Sculpt™ technology. The
variables include the distribution, radius, height and orientation of
the protrusions. Therefore, numerical simulations of the Comeld™
joining system are required to gain better understanding of the
mechanism of the protrusions, and to optimize the joining system.
Although there is a vast amount of research reported in the litera-
ture regarding joints with adhesive or mechanical bonding mecha-
nism, very little work has been carried out on stress analysis and
optimization of design of the Comeld™ joining system.
1.4. Methods of analysis
As a new development, the costs of the technology of Surﬁ-
Sculpt™ are very high. To study various geometric parameters
would be most economically investigated using the ﬁnite element
analysis and advanced numerical simulation. Boundary element
method has been developed to mechanical fastening and adhesive
bonding problems by Wen et al. [14–17]. Satisfactory accuracy has
been achieved compared with the ﬁnite element method. Recently,
mesh free approximations have received much interest since Nay-
roles et al. [18] proposed the diffuse element method. Later, Bely-
tschko et al. [19] and Liu et al. [20] developed the element-free
Galerkin method reproducing kernel particle methods. A key fea-
ture of these methods is that they do not require a structured grid
and are hence called meshless. Recently, Atluri and co-workers
presented a family of meshless methods, based on the Local weak
Petrov–Galerkin formulation (MLPGs) for arbitrary partial differen-
tial equations (see Atluri et al. [21,22] with moving least-square
(MLS) approximation. MLPG is reported to provide a rational
basis for constructing meshless methods with a greater degree of
Fig. 1. Titanium double-step with protrusions and side views of typical Comeld™
specimens.
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ﬂexibility. Local Boundary Integral Equation (LBIE) with moving
least square and polynomial radial basis function (RBF) has been
developed by Sladek et al. [23,24] for the boundary value problems
in anisotropic non-homogeneous media. Both methods (MLPGs
and LBIE) are meshless, as no domain/boundary meshes are re-
quired in these two approaches. However, Galerkin-base meshless
methods, except that presented by Atluri [22], still include several
awkward implementation features such as numerical integrations
in the local domain. A comprehensive review of meshless methods
(MLPG) can be found in the book by Atluri [22].
The aim of this paper is to develop the mesh free Galerkin meth-
od to study the various geometric parameters of the surface treat-
ment technique to optimize the design of the joining system. In
this paper, the formulation and numerical implementation of mesh
free Galerkin method for the multi-region problems such as
Comeld™ joints have been developed. Following a similar ap-
proach to the ﬁnite element method, the stiffness matrix is derived
by the variation principle of potential energy and the element-free
Galerkin method is presented with radial basis function (RBF)
interpolation. Special points have to be selected on the interface
and shared by jointed objects in order to connect joint parts. The
accuracy of the proposed method has been demonstrated with
comparing the results by the ﬁnite element method (ABAQUS).
After that, the unit cell models including different height of protru-
sion, has been analyzed.
2. Variation principle of potential energy
For a linear two dimensional elasticity, equilibrium equations
can written as follows
rij;j þ fi ¼ 0 ð1Þ
where rij denotes the stress tensor, fi the body force. Consider
homogeneous anisotropic and linear elasticity, the relationships be-
tween stresses and strains by Hooke’s law are given by
rijðxÞ ¼ CijklðxÞeklðxÞ ¼ CijklðxÞuk;lðxÞ; ð2Þ
where ekl ¼ ðuk;l þ ul;kÞ=2; and Cijkl denotes the elasticity tensor
which is function of coordinate for functionally graded materials
and has the following symmetries
Cijkl ¼ Cjikl ¼ Cklij: ð3Þ
For a homogeneous isotropic solid, we have
CijklðxÞ ¼ kðxÞdijdkl þ lðxÞðdikdjl þ dildjkÞ ð4Þ
where k and l are the Lame’s constants. For the isotropic plane
strain state, Hooke’s law can also be written, in matrix form, as
r ¼
r11
r22
r12
8><
>:
9>=
>; ¼ D
e11
e22
e12
8><
>:
9>=
>; ¼ De ð5Þ
where
D ¼ Eð1 mÞð1þ mÞð1 2mÞ
1 m1m 0
m
1m 1 0
0 0 12m2ð1mÞ
2
64
3
75 ð6Þ
in which, E is the Young’s modulus and m the Poisson’s ratio. For
orthotropic materials, we have
D ¼
D1111 D1122 0
D1122 D2222 0
0 0 D1212
2
64
3
75 ð7Þ
Considering the domain X enclosed by boundary U, we have total
potential energy by
P ¼ U W ð8Þ
where the initial elastic strain energy
U ¼ 1
2
Z
X
rTðyÞeðyÞdXðyÞ ¼ 1
2
Z
X
eTðyÞDeðyÞdXðyÞ ð9Þ
and the external energy, the sum of contributions from known inte-
rior and external forces, is
W ¼
Z
X
uTðyÞbðyÞdXðyÞ þ
Z
C
uTðyÞtðyÞdCðyÞ ð10Þ
where b ¼ fb1; b2gT is the vector of body force, vector of traction
t ¼ ft1; t2gT ; in which ti = rijnj, ni denotes a unit outward normal
vector. With shape functions, the displacements u(y) at the point
y can be approximated in terms of the nodal values in a local do-
main (see Fig. 1) as
uiðyÞ ¼
XnðyÞ
k¼1
Nkðy;xkÞu^ki ¼ Nðy;xÞu^i ð11Þ
where
Nðy;xÞ ¼ fN1ðy;x1Þ;N2ðy;x2Þ; . . . ;NnðyÞðy;xnðyÞÞg ð12Þ
and real nodal values u^i ¼ u^1i ; u^2i ; . . . ; u^nðyÞi
n oT
; i ¼ 1;2, at point
xk ¼ fxðkÞ1 ; xðkÞ2 g; where k = 1, 2, . . . , n(y), Nk is the shape function
and n(y) represents the number of node in the local supported do-
main. For the two dimensional elasticity, we can rearrange the
above relation in a matrix form as
uðyÞ ¼ fu1;u2gT ¼ Nðy;xÞu^
Nðy;xÞ ¼ N 0
0 N
 
¼ N1 0 N2 0 . . . NnðyÞ 0
0 N1 0 N2 . . . 0 NnðyÞ
 
ð13Þ
where u^ ¼ u^11; u^12; u^21; u^22 . . . ; u^nðyÞ1 ; u^nðyÞ2
n oT
is the nodal displacement
vector. Therefore, the relationship between strains and displace-
ments is given by
eðyÞ ¼
@N1
@y1
0 @N2
@y1
0 . . . @NnðyÞ
@y1
0
0 @N1
@y2
0 @N2
@y2
. . . 0 @NnðyÞ
@y2
@N1
@y2
@N1
@y1
@N2
@y2
@N2
@y1
. . .
@NnðyÞ
@y2
@NnðyÞ
@y1
2
66664
3
77775u^ ¼ BðyÞu^ ð14Þ
Considering the variation of the total potential energy, with respect
to the each nodal displacements, gives
dP ¼ dU  dW ¼ 0 ð15Þ
Inserting the relations u ¼ Uu^; e ¼ Bu^ and r ¼ De into (15) yields
2  N a linear algebraic equation system in a matrix form as
½K2N2Nu^2N ¼ f2N ð16Þ
where N is the number of node in the domain X and on the bound-
ary. The stiffness and mass matrices can be written as
K ¼
Z
X
BTðx; yÞDðyÞBðx; yÞdXðyÞ ð17Þ
for nodes x = xi, i = 1, 2, . . . , N, and nodal force vector is deﬁned by
f ¼
Z
X
UTðx; yÞbðyÞdXðyÞ þ
Z
Cr
UTðx; yÞtðyÞdCðyÞ ð18Þ
where Ur denotes the boundary on which the traction is given. For a
concentrated force acting at node i, we may determine the nodal
force vector directly by
f i ¼ Fi1; Fi2
n oT
ð19Þ
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3. The approximation scheme
RBFs have been initially used for scattered data ﬁtting and gen-
eral multi-dimensional data interpolation problems, (see Ref. [25]),
and were later applied by Kansa [26] for the analysis of partial dif-
ferential equations. Consider a spherical support domainXR shown
in Fig. 2, which is the neighbourhood of a point g (={x, y}) and is
considered as the domain of deﬁnition of the RBF approximation
for the trail function at g and also called the support domain of
the computation point g. To interpolate the distribution of function
u in the support domainXR over a number of randomly distributed
nodes n [={n1, n2, . . . , nn}, ni = (xi, yi), i = 1, 2, . . . , n], the approxima-
tion of function u at the point g can be expressed by
uðgÞ ¼
Xn
k¼1
Rkðg; nÞak þ
Xt
j¼1
PjðgÞbj ¼ Rðg; nÞaþ PðgÞb ð20Þ
along with the constraints
Xn
j¼1
PkðnjÞaj ¼ 0; 1  k  t ð21Þ
where fPkgtk¼1 is a basis for Pm1, the set of d-variate polynomials of
degree less than or equal to m  1, and
t ¼ mþ d 1
d
 
ð22Þ
is the dimension of Pm1. R(g, n) = {R1(g, n), R2(g, n), . . . , Rn(g, n)} is
the set of radial basis functions centred around the point g, and
a = {a1, a2, . . . , an}T are the unknown coefﬁcients to be determined.
The radial basis function is selected in this paper to be multi-
quadrics,
Rkðg; nÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c2 þ a21ðx xkÞ2 þ a22ðy ykÞ2
q
ð23Þ
where c is a free parameter (is chosen to be unit in this paper), and
ai are scale factors [27]. A set of linear equations can be written, in
matrix form, as
R0aþ Pb ¼ u^; PTa ¼ 0 ð24Þ
where
R0ðnÞ ¼
R1ðn1Þ R2ðn1Þ . . . Rnðn1Þ
R1ðn2Þ R2ðn2Þ . . . Rnðn2Þ
: : . . . :
: : . . . :
: : . . . :
R1ðnnÞ R2ðnnÞ . . . RnðnnÞ
2
666666664
3
777777775
;
PðnÞ ¼
P1ðn1Þ P2ðn1Þ . . . Ptðn1Þ
P1ðn2Þ P2ðn2Þ . . . Ptðn2Þ
: : . . . :
: : . . . :
: : . . . :
P1ðnnÞ P2ðnnÞ . . . PtðnnÞ
2
666666664
3
777777775
: ð25Þ
and
u^ ¼ fu^1; u^2; . . . ; u^ngT ð26Þ
are the nodal values, ui ¼ u^ðniÞ. Solving the equations in (24) gives
b ¼ ðPTR10 PÞ1PTR10 u^; a ¼ R10 ½I PðPTR10 PÞ1PTR10 u^ ð27Þ
where I denotes the diagonal unit matrix. Substituting the coefﬁ-
cients a and b from (27) into (20), we can obtain the approximation
of the ﬁeld function in terms of the nodal values
uðgÞ ¼
Xn
k¼1
Nkðg; nÞu^ðnkÞ ¼ Nu^;N ¼ fN1;N2; . . . ;Nng ð28aÞ
and the ﬁrst derivative with respect to coordinate i is obtained by
u;iðgÞ ¼
Xn
k¼1
Nk;iðg; nÞu^ðnkÞ ¼ N;iu^;N;i ¼ fN1;i;N2;i; . . . ;Nn;ig ð28bÞ
Certain number of collocation point should be distributed on the
boundary and interface as shown in Fig. 2. For a collocation point
which is close to the interface in the domain I, the support domain
should not cover the domain II as shown in Fig. 2. Therefore, the col-
location points in the support domain are located in the domain I
and on the interface only. It is evident that the continuity of dis-
placement and equilibrium condition along the interface are
satisﬁed.
4. Evaluation of stiffness matrix
To determine the stiffness matrix K in (19), a domain integral in
(16) should be carried out over the domain X. For convenience of
analysis, we assume that the domain X can be divided intoM rect-
angular sub-regions (cells) (for an irregular shape of cell, coordi-
nate transformation should be applied). A 2D domain integral
over a rectangular of area A is approximated by Gaussian integra-
tion formula asZ Z
A
f ðx1; x2Þdx1dx2  A
XL
l¼1
wlf x
ðlÞ
1 ; x
ðlÞ
2
 
ð29Þ
where wl denotes the weight of integral, L the number of Gaussian
points and ðxðlÞ1 ; xðlÞ2 Þ is the coordinate of Gaussian points. If domain
X is divided into M sub-domain, then the matrix of stiffness can
be written, in a summation, as
KðxÞ ¼
Z
X
BTðx; yÞDðyÞBðx; yÞdXðyÞ
¼
XM
m¼1
XL
l¼1
AmwlB
T x; yðlÞm
	 

D yðlÞm
	 

B x; yðlÞm
	 
 ¼XM
m¼1
XL
l¼1
DKml ð30Þ
where the integration points yðlÞm y
ðmlÞ
1 ; y
ðmlÞ
2
 
. For instance, if L = 4 we
have
yð1;2;3;4Þm ¼ ym1 
ﬃﬃﬃ
1
3
r
h1; ym2 
ﬃﬃﬃ
1
3
r
h2
 !
;w1;2;3;4 ¼ 14 ;
Am ¼ 4h1h2 ð31Þ
where ym ym1 ; y
m
2
	 

presents the centre of cell with area Am (rectangu-
lar), h1 and h2 are half width and height of the cell respectively. For
support domain ΩR
∂Ω
Ω
field point η
collocation points
Domain I 
Domain II 
interfacial point 
Fig. 2. The support domain XR for the RBF approximation of the trial function, and
support area of the weight function around node g.
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each Gaussian point yl, all elements in the sub-matrix DK
m
l can be
simpliﬁed, for isotropic, as
DKml ¼
AmEð1mÞ
4ð1þmÞð12mÞ
@Ni
@y1
@Nj
@y1
þ 12m2ð1mÞ @Ni@y2
@Nj
@y2
m
1m
@Ni
@y1
@Nj
@y2
þ 12m2ð1mÞ @Ni@y2
@Nj
@y1
m
1m
@Ni
@y2
@Nj
@y1
þ 12m2ð1mÞ @Ni@y1
@Nj
@y2
@Ni
@y2
@Nj
@y2
þ 12m2ð1mÞ @Ni@y1
@Nj
@y1
2
4
3
5¼ kl11 kl12
kl21 k
l
22
" #
ij
ð32Þ
where i and j denote the number of nodes in the local support do-
main centred at yl, Ni = Ni(yl, x), i, j = 1, 2, . . . n(yl). These elements
in (35) and (36) should be added to the global system stiffness ma-
trix K, i.e. to the elements k2I1,2J1, k2I1,2J, k2I,2J1 and k2I,2J respec-
tively, where I and J denote the nodes in the global system for the
nodes i and j in the local support domain centred at yl. For each
Gaussian point yl, the number of node i varies due to the change
of support domain centre. The implementation of this method can
be carried out according to the following algorithm similar to the
MLPGs discussed by Atluri [22]:
1. Choose a ﬁnite number of nodes N in the domain X, on the
boundary oX of the given physical domain and on the interface;
2. Select the size and shape of local support domain or the mini-
mum number in the support domain Xy
3. Divide domain X into segments and choose the shape of inte-
gral sub-domain
4. Loop over integral in sub-domain m (m = 1, 2, . . . , M) centred at
ym
 Loop over Gaussian integration points yl for each cell,
(a) Loop over all nodes in the support domain (i,j);
(b) Calculate the shape function Ni(y, xi) and ﬁrst deriva-
tive Ni,k(y, xi);
(c) Evaluate the elements DKml ¼ ½alklij;
(d) Assemble the system stiffness matrix K(I,J);
(e) End the node loop in the local domain,
 End the Gaussian point loop,
5. End the cell-integral loop,
6. Introduce the displacement boundary condition and modify the
system equation;
7. Solve the linear equations for the nodal values;
8. Determine variables (stresses and displacements) in the domain
or on the boundary.
5. Two dimensional unit cell and numerical examples
5.1. Geometry and boundary conditions for the unit cell
The 2D modeling investigates the geometric parameters inﬂu-
ence on the stress states locally around the individual protrusion
along with the effect of the protrusion distribution density change.
Considering that there large number protrusions located on theme-
tal surface with certain patterns, a repetitive cell as shown in Fig. 3
can be employed for each pattern. 2D models are based on the
repetitive condition and consider only one protrusion. These unit
cell models are used to investigate the geometric parameters effects
along with the protrusion distribution density. In Fig. 3, R repre-
sents the radius of the protrusion and hp is the height of the protru-
sion; hb is the height of themetal base which is 1 mm; L is the width
of the protrusion which varies for different protrusion distribution
density; b is the distance between the root of the protrusion and left
hand side; H represents the unit cell height is taken to 3 mm; the
protrusion angle with respect to the perpendicular direction is a.
The material applied for the global models are titanium alloy,
Ti64, and homogenized cross-ply prepreg composites, AS4/8552
(layered and homogenized). The Ti64 elastic material properties
are Young’s modulus, E = 114 GPa and Poisson ratio m = 0.336 and
the values for the D Matrix, see Eq. (7), of the homogenized cross
ply material calculated according to the requirements of the soft-
ware [28] for the 2D unit cell models are shown in Table 1.
H hp
hb
α
L 
Ti64 
AS4/8552 
R 
b 
Fig. 3. Geometry of a unit cell model with protrusion.
Table 1
3D Material constants matrix D of composite AS4/8552 (unit: GPa).
D1111 D2222 D3333 D1122 D1133 D2233 D1212 D1313 D2323
64.44 11.06 62.76 6.532 26.76 2.457 4.31 5.28 4.31
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Fig. 4. Deformation and boundary conditions on the unit cell.
Table 2
Geometry factors of protrusion for two cases (unit: mm).
L H hp hb a R b
Case 1 1.361 3.0 1.0 1.0 0 0.291 0.3895
Case 2 1.361 3.0 1.0 1.0 30 0.2705 0.18732
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By considering the symmetry of structure, the displacement and
traction for both sides of the unit cell can be presented, as shown in
Fig. 3, as
u1ðL; x2Þ  u1ð0; x2Þ ¼ U0
u2ðL; x2Þ  u2ð0; x2Þ ¼ 0
ð33Þ
and
t1ðL; x2Þ þ t1ð0; x2Þ ¼ 0
t2ðL; x2Þ þ t2ð0; x2Þ ¼ 0
ð34Þ
where U0 denotes the relative movement between these two sides
as shown in Fig. 4, which is constant. The applied 1-direction trac-
tion, F0, is at point B (see Fig. 4) and the applied tractions are distrib-
uted along B C by the boundary conditions in Eqs. (33) and (34). The
boundary conditions on bottom, A B, are
u2ðx1; 0Þ ¼ 0
t1ðx1;0Þ ¼ 0
ð35Þ
and the top, C D, is free. The constant U0 should be determined by
the equilibrium condition
U0 ¼ F0=
Z H
0
t	1ðL; yÞdy ð36Þ
where F0 is the applied force at the end and t	1ðL; yÞ is the traction
distribution for a unit relative movement U0 = 1.
Two different protrusion geometries have been analyzed for
perpendicular or angled protrusions. The geometry factors for the
two cases are listed in Table 2.
Stress distributions have been extracted along the right-hand
edge of the unit cell, B C (see Fig. 4). These results can be compared
Fig. 5. The contours of stress r11 given by ﬁnite element method (ABAQUS) with (a): 0 of protrusion and (b) 30 of protrusion. Unit traction is loaded at the right hand side
and the end of left hand side is ﬁxed along direction 1.
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with the results from the section from the array of protrusions (see
Section 5.2) and the results from the mesh free Galerkin method.
5.2. Geometry and boundary conditions for array of protrusions
An alternate ﬁnite element model consisting of an array of 11
protrusions has been analyzed for comparison. The geometry of
these models for the two cases of protrusion geometry is shown
in Fig. 5. Uniformly distributed traction is applied at the end of
right hand side. The end of left hand side is simply supported along
1 direction, the bottom is simply supported along direction 2 and
the top is free. Results for comparison with the unit cell models
have been extracted from the section A-A as indicated in Fig. 5.
5.3. Mesh free Galerkin method
Collocation points on the interface are selected ﬁrst. Then collo-
cation points on the boundary and in the domain are uniformly
distributed as shown in Fig. 6. The total number of collocation
point in the domain is N1  N2, where N1 and N2 are numbers of
points along the directions of axes 1 and 2, respectively. Fig. 6
shows the distribution of collocation point for Case 1 with 276
nodes (N1 = 11 and N2 = 24). If the gap between two collocation
points is less than 0.04 mm, this domain point should be removed.
The support domain is selected as a circle of radius dy centred at
ﬁeld point y, which is determined such that the minimum number
of nodes in the support domain n(y)P 15. Free parameters are se-
lected as c = L/N1, a1 = a2 = 1.
Results have been extracted from the right-hand edge of the
unit cell for comparison with the ﬁnite element results.
6. Results
6.1. Optimization of mesh free method
Results from the mesh free Galerkin method have been ob-
tained for different collocation point densities. To investigate the
collocation point density dependency, we consider three different
point densities, i.e. 276, 962 and 2043 collocation points, and the
results of normal stress are shown in Fig. 7. These results show that
using more collocation points leads to more accurate results.
6.2. Comparison of models
The contours of 1-direction stress, r11, for the two angles of pro-
trusion, Cases 1 and 2, for the array of protrusions analyzed using
the ﬁnite element method are shown in Fig. 5. It is clear that the
distribution of stress around the protrusions has reached a steady
state around section A-A. Fig. 8 compares the stress proﬁles of nor-
mal stress for the two ﬁnite element models and the mesh free
model, using 2043 collocation points, for Case 1 with the perpen-
dicular protrusion.
Fig. 9 compares the stress proﬁles of normal stress and shear
stress for the two ﬁnite element models and the mesh free model
using 2055 collocation points, for Case 2 with the angled
protrusion.
interface 
Ti64 
AS4/8552 
Fig. 6. Distribution of collocation points in domain.
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Fig. 7. Sensitivity study for collocation point density of distribution.
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Fig. 8. Distributions of normal stress along the edge of right side: (a) r11/r0; (b)
r22/r0, where r0 = F0/H (average tensile load over the section).
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These results show satisfactory agreement between the three
different models. Particularly the agreement of shear stress is
excellent between the mesh free method and FEM for the unit cell
modeling. We also observed that the more protrusions are consid-
ered in the ﬁnite element modeling (here we consider 11 protru-
sions only), better agreement can be achieved with unit cell
modeling. In other words, the agreement in stress proﬁles from
section M N in the array model, and the edge B C in the unit cell
model, show that the boundary conditions in described in Eqs.
(33) and (34) for unit cell are correct.
6.3. Parametric study of unit cell under tensile load
There are many independent parameters shown in Fig. 3, each
dimension parameter can be studied for optimization of joint de-
sign. In this example, the effect of height (h = hp  R) selection as
shown in Fig. 10 has been investigated. For different height of
the protrusions, we assume that the volume of protrusion should
be unchanged. Thus, we hold
2Rhþ pR2=2 ¼ V0 ð37Þ
where V0 is the volume of protrusion. If the height h is given, the
radius of the protrusion can be obtained
R ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4h2þ2pV0
p
2h
p
hp ¼ hþ R
b ¼ L=2 R
ð38Þ
The rest of parameters are given in Table 3 and heights of protru-
sions are selected from 0.2 mm to 1.8 mm.
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Fig. 9. Stress variations on the edge of right hand side for different modeling: (a)
r11/r0; (b) r22/r0 and (c) r12/r0, where r0 denotes the average tensile load over the
section.
Table 3
Geometry factors of protrusion for two cases.
L (mm) H (mm) hb (mm) a V0 (mm2)
1.361 3.0 1.0 0 0.5457
Ti64 
R
AS4/8552 
Ti64 
h 
F 
E 
A B 
D C 
Fig. 10. Dimensions of protrusion for different height, where h = 0.8 mm is
indicated.
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Fig. 11. Distribution of normal stress r11 over interface AB.
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The distributions of normal stress r11 on the interface EF are
shown in Fig. 11. We can observe that for larger height of protru-
sion, the maximum stress on interface decreases slightly. When
h = 1.6 mm, the average stress seems to be minimum.Wemay con-
clude that for certain volume of protrusion with selections of
parameters in Table 3, the optimized design of height is about
1.6 mm. Fig. 12 shows the variations of two normal stresses along
the edge BC for different height. There is large jump in value of the
stress r11 at interface x2 = 1.0 mm, at the change of material as ex-
pected. We also observed that the maximum stress both for r11
and r22 on the interface are found along the interface when
h = 0.2 mm. The distribution of stress should be improved for larger
height of protrusion.
7. Conclusion
A mesh free method has been extended to multi-region prob-
lems and applied to the stress analysis for Comeld™ joints in this
paper. For multi-region problems, we need to select collocation
points on the interface and the special treatment needs to be con-
sidered for the interpolation ﬁeld point which is close to the inter-
face. Radial basis function interpolation is utilized to derive the
shape functions for the ﬁeld points. A unit cell mode was proposed
to deal with large number of protrusions. Numerical solutions by
the use of ﬁnite element method (ABAQUS) were presented with
both 11 protrusions modeling and unit cell modeling. Comparisons
have been made between these different numerical techniques.
Obviously mesh free method does not need any elements in the
domain. The ﬁrst advantage over ﬁnite element method is simplic-
ity and accuracy. Secondly, optimization of geometry parameters
for any design can be carried out easily as there is no re-meshing
problem. However, mesh free method has a free parameter, which
affects the accuracy more or less. How to select this parameter is
different topic.
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APPENDIX B 
Boundary conditions for end protrusion 
The boundary conditions for the modelling strategy B and C for the end protrusion 
analyses can be described as following. 
The loading on the right side of the model has been achieved by applying pressure.  
On the left edge of the model repetitive boundary conditions from middle of the step 
was assumed. By interpolation of the extracted displacements, the correspond nodes 
on the models of strategy B and C can be identified and therefore, displacement can 
be assigned according to the node position.  
The example of applying repetitive deformation on the left edge for strategy C is 
shown as following. 
# 
# global delta U1 on the right edge of the protrusion line of 6 
from bisect import bisect 
nodelist=open(r'e:/phd/comeld-py/nodes-list.inp', 'r') 
nodelist_l=open(r'e:/phd/comeld-py/nodes-list-left.inp', 'r') 
coord=open(r'e:/phd/comeld-py/node-coord.inp','r') 
lcurve=open(r'e:/phd/comeld-py/loading-curve-repetitive-uc30-u1.inp','r') 
lcurve_r=open(r'e:/phd/comeld-py/loading-curve-6protrusion-uc30.inp','r') 
outputset=open(r'e:/phd/comeld-py/nodeset-list.inp', 'w') 
outputset.write('') 
outputset.close() 
outputset=open(r'e:/phd/comeld-py/nodeset-list.inp', 'a') 
outputload=open(r'e:/phd/comeld-py/u1-load-left-uc30.inp','w') 
outputload.write('') 
outputload.close() 
outputload=open(r'e:/phd/comeld-py/u1-load-left-uc30.inp','a') 
# nodes list for the protrusion line 6 left and right edge 
A=[''] 
A1=[''] 
B=[''] 
B1=[''] 
# 
A3=[''] 
A4=[''] 
B3=[''] 
B4=[''] 
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# nodes coords 
C=[''] 
D=[''] 
# global delta loading curve left side 
L1=[''] 
M1=[''] 
L2=[''] 
M2=[''] 
L3=[''] 
L4=[''] 
M3=[''] 
M4=[''] 
L=[''] 
M=[''] 
# global delta loading curve right side 
U1=[''] 
W1=[''] 
U2=[''] 
W2=[''] 
U3=[''] 
W3=[''] 
U4=[''] 
W4=[''] 
U=[''] 
W=[''] 
# loading for line protrusion left and right 
E=[''] 
F=[''] 
F1=[''] 
######################### 
grades=[''] 
gradesr=[''] 
noderead=[''] 
while noderead[0]!='*': 
    noderead=nodelist_l.readline() 
    a=noderead.split(',') 
#    a.remove('') 
    for n in range(0, len(a)): 
#        inta=int(a[n]) 
        A1.append(a[n]) 
A1.remove('*\n') 
A1.remove('') 
for n in range(0,len(A1)): 
    a1=int(A1[n]) 
    A.append(a1) 
A.remove('') 
noderead=[''] 
while noderead[0]!='*': 
    noderead=coord.readline() 
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    temp=noderead.split(',') 
    if temp[0]!='*\n': 
        c=int(temp[0]) 
        d=float(temp[-1]) 
        C.append(c) 
        D.append(d) 
C.remove('') 
D.remove('') 
for n in range(0, len(A)): 
    an=str(A[n]) 
    for m in range(0, len(C)): 
        cm=str(C[m]) 
        if an==cm: 
            dm=3.0-float(D[m]) 
            if dm<=0.00001: 
                dm=0.0 
                B.append(dm) 
            elif dm>2.99999: 
                dm=3.0 
                B.append(dm) 
            else: 
                B.append(dm) 
B.remove('') 
for n in range(0, len(B)): 
    b1n=3.0-B[n] 
    B1.append(b1n) 
B1.remove('') 
def findbotnode(data): 
    for n in range(0,len(data)): 
        if data[n]==3.0: 
            return n 
def findtopnode(data): 
    for n in range(0,len(data)): 
        if data[n]==0.0: 
            return n 
bn=findbotnode(B) 
bt=findtopnode(B) 
# 
noderead=[''] 
while noderead[0]!='*': 
    noderead=nodelist.readline() 
    a=noderead.split(',') 
    for n in range(0, len(a)): 
        A4.append(a[n]) 
A4.remove('*\n') 
A4.remove('') 
for n in range(0,len(A4)): 
    a4=int(A4[n]) 
    A3.append(a4) 
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A3.remove('') 
for n in range(0, len(A3)): 
    an=str(A3[n]) 
    for m in range(0, len(C)): 
        cm=str(C[m]) 
        if an==cm: 
            dm=3.0-float(D[m]) 
            if dm<=0.00001: 
                dm=0.0 
                B3.append(dm) 
            elif dm>2.99999: 
                dm=3.0 
                B3.append(dm) 
            else: 
                B3.append(dm) 
B3.remove('') 
for n in range(0, len(B3)): 
    b4n=3.0-B3[n] 
    B4.append(b4n) 
B4.remove('') 
b3n=findbotnode(B3) 
b3t=findtopnode(B3) 
# 
# 
# 
# 
#print 'bn=',bn 
noderead=[''] 
while noderead[0]!='*': 
    noderead=lcurve.readline() 
    temp=noderead.split(',') 
    if temp[0]!='*\n': 
        l=float(temp[0]) 
        m=float(temp[-1]) 
        L1.append(l) 
        M1.append(m) 
L1.remove('') 
M1.remove('') 
for n in range(0,len(L1)-1): 
    l2n=(L1[n]+L1[n+1])/2.0 
    L2.append(l2n) 
for n in range(0,len(M1)-1): 
    m2n=(M1[n]+M1[n+1])/2.0 
    M2.append(m2n) 
L2.remove('') 
M2.remove('') 
for n in range(0,len(L1)): 
    if n < len(L2): 
        l1n=L1[n] 
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        l2n=L2[n] 
        L3.append(l1n) 
        L3.append(l2n) 
    else: 
        l1n=L1[n] 
        L3.append(l1n) 
for n in range(0,len(M1)): 
    if n < len(M2): 
        m1n=M1[n] 
        m2n=M2[n] 
        M3.append(m1n) 
        M3.append(m2n) 
    else: 
        m1n=M1[n] 
        M3.append(m1n) 
L3.remove('') 
M3.remove('') 
for n in range(0,len(L3)-1): 
    l4n=(L3[n]+L3[n+1])/2.0 
    L4.append(l4n) 
for n in range(0,len(M3)-1): 
    m4n=(M3[n]+M3[n+1])/2.0 
    M4.append(m4n) 
L4.remove('') 
M4.remove('') 
for n in range(0,len(L3)): 
    if n < len(L4): 
        l3n=L3[n] 
        l4n=L4[n] 
        L.append(l3n) 
        L.append(l4n) 
    else: 
        l3n=L3[n] 
        L.append(l3n) 
for n in range(0,len(M3)): 
    if n < len(M4): 
        m3n=M3[n] 
        m4n=M4[n] 
        M.append(m3n) 
        M.append(m4n) 
    else: 
        m3n=M3[n] 
        M.append(m3n) 
L.remove('') 
M.remove('') 
## 
## 
noderead=[''] 
while noderead[0]!='*': 
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    noderead=lcurve_r.readline() 
    temp=noderead.split(',') 
    if temp[0]!='*\n': 
        u=float(temp[0]) 
        w=float(temp[-1]) 
        U1.append(u) 
        W1.append(w) 
U1.remove('') 
W1.remove('') 
for n in range(0,len(U1)-1): 
    u2n=(U1[n]+U1[n+1])/2.0 
    U2.append(u2n) 
for n in range(0,len(W1)-1): 
    w2n=(W1[n]+W1[n+1])/2.0 
    W2.append(w2n) 
U2.remove('') 
W2.remove('') 
for n in range(0,len(U1)): 
    if n < len(U2): 
        u1n=U1[n] 
        u2n=U2[n] 
        U3.append(u1n) 
        U3.append(u2n) 
    else: 
        u1n=U1[n] 
        U3.append(u1n) 
for n in range(0,len(W1)): 
    if n < len(W2): 
        w1n=W1[n] 
        w2n=W2[n] 
        W3.append(w1n) 
        W3.append(w2n) 
    else: 
        w1n=W1[n] 
        W3.append(w1n) 
U3.remove('') 
W3.remove('') 
for n in range(0,len(U3)-1): 
    u4n=(U3[n]+U3[n+1])/2.0 
    U4.append(u4n) 
for n in range(0,len(W3)-1): 
    w4n=(W3[n]+W3[n+1])/2.0 
    W4.append(w4n) 
U4.remove('') 
W4.remove('') 
for n in range(0,len(U3)): 
    if n < len(U4): 
        u3n=U3[n] 
        u4n=U4[n] 
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        U.append(u3n) 
        U.append(u4n) 
    else: 
        u3n=U3[n] 
        U.append(u3n) 
for n in range(0,len(W3)): 
    if n < len(W4): 
        w3n=W3[n] 
        w4n=W4[n] 
        W.append(w3n) 
        W.append(w4n) 
    else: 
        w3n=W3[n] 
        W.append(w3n) 
U.remove('') 
W.remove('') 
## 
## 
for n in range(0,len(L)): 
    grades.append(n) 
grades.remove('') 
#E.append() 
def grade(total): 
    return grades[bisect(L, total)] 
for n in range(0,len(U)): 
    gradesr.append(n) 
gradesr.remove('') 
def grader(total): 
    return gradesr[bisect(U, total)] 
for n in range(0, len(B)): 
    if n==bn: 
        E.append(M[-1]) 
    elif n==bt: 
        E.append(M[0]) 
    else: 
        x=grade(B[n]) 
        y=(M[x-1]+M[x])/2.0 
        E.append(y) 
E.remove('') 
for n in range(0, len(B3)): 
    if n==b3n: 
        F.append(W[-1]) 
    elif n==b3t: 
        F.append(W[0]) 
    else: 
        x=grader(B3[n]) 
        y=(W[x-1]+W[x])/2.0 
        F.append(y) 
F.remove('') 
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for n in range(0, len(B3)): 
    if n==b3n: 
        F1.append(M[-1]) 
    elif n==b3t: 
        F1.append(M[0]) 
    else: 
        x=grade(B3[n]) 
        y=(M[x-1]+M[x])/2.0 
        F1.append(y) 
F1.remove('') 
# 
for q in range(0,len(A)): 
    outputset.write('\n*Nset, nset=td-l-') 
    outputset.write(str(q)) 
    outputset.write(', instance=uc_2d_30-line-protrusion-1\n') 
    s=str(A[q]) 
    outputset.write(s) 
for q in range(0,len(A3)): 
    outputset.write('\n*Nset, nset=td-') 
    outputset.write(str(q)) 
    outputset.write(', instance=uc_2d_30-line-protrusion-1\n') 
    s=str(A3[q]) 
    outputset.write(s) 
for q in range(0,len(A)): 
    outputload.write('\n*Boundary\ntd-l-') 
    outputload.write(str(q)) 
    outputload.write(', 1, ,') 
    t=str(E[q]) 
    outputload.write(t) 
for q in range(0,len(A)): 
    outputload.write('\n*Boundary\ntd-') 
    outputload.write(str(q)) 
    outputload.write(', 1, ,') 
    right=F[q]+F1[q] 
    t=str(right) 
    outputload.write(t) 
# 
# 
outputset.close() 
outputload.close() 
nodelist.close() 
nodelist_l.close() 
coord.close() 
lcurve.close() 
lcurve_r.close() 
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The example of processed input file is shown as following. 
*Heading 
… 
*Part, name=uc_2d_30-line-protrusion 
*End Part 
… 
*Assembly, name=Assembly 
**   
*Instance, name=uc_2d_30-line-protrusion-1, part=uc_2d_30-line-protrusion 
*Node 
… 
*End Instance 
**   
*Nset 
…. 
*Nset, nset=td-0, instance=uc_2d_30-line-protrusion-1 
37 
*Nset, nset=td-1, instance=uc_2d_30-line-protrusion-1 
38 
… 
*Nset, nset=td-150, instance=uc_2d_30-line-protrusion-1 
1949 
*End Assembly 
**  
** MATERIALS 
… 
*Step, name=Step-1 
*Static 
0.1, 1., 1e-05, 0.1 
**  
** BOUNDARY CONDITIONS 
**  
** Name: BC-1 Type: Displacement/Rotation 
***Boundary 
**fixed_1-3, 1, 1 
** 
*Boundary 
td-0, 1, ,1.53838875e-07 
… 
*Boundary 
td-150, 1, ,2.10175875e-07 
… 
*Dsload 
load, P, -1.0 
… 
*End Step 
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APPENDIX C  
Model strategies for end protrusion 
Appendix C.1 Contour results for perpendicular protrusions models 
The stress concentration contour results are shown in Fig.C.1 to Fig.C.4 for the whole 
end protrusion in various strategies. The locations of the maximum stresses are 
marked with circle on each of the contour results. The maximum concentrations are 
listed in Table.C.1 to Table.C.4. For peel and shear stresses, minus concentrations 
indicate change in stress direction. 
Comparisons of the end protrusion with composites 
Fig.C.1 shows the concentration of the von Mises stress concentration contour results 
for various models. These comparisons are made to assess the modelling strategy. 
The maximum stress concentrations shown here occurred in the titanium alloy, shown 
in Table.C.1, therefore the concentrations are not important for the joint failure in this 
work. With the same scale the stress distributions are similar to the global model. The 
maximum stresses occurred at the foot of the protrusion within the titanium region, 
except Strategy B, Fig.C.1 (d). The maximum concentrations for Strategy A Model 1 
and Strategy C are close to the global model end protrusion with 2.6% higher and   
2.3% lower concentrations; maximum concentration for other strategies are much 
higher than the global model. In Fig.C.1 (d) for Strategy B, for the same location of 
the global model maximum stress concentration, the von Mises stress concentration is 
1.585, which is 10.4% more than the global model. These results indicate that the 
different strategies are worth investigating further. 
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Fig.C.1 Von Mises stress concentration contour results of the end protrusion for the 
global model with detailed geometries (a); Strategy A Model 1 (b); Strategy A Model 
2 (c); Strategy B (d); Strategy C (e) 
 
Table.C.1 Maximum concentration of Von Mises stresses for various models 
Global Model Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B Strategy C 
1.436 1.474 1.890 1.908 1.403 
%  
compare to the 
global model 
+2.6% +31.6% +32.9% -2.3% 
 
(b) (a) (c) 
(d) (e) 
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Contour results of stress components are shown in Fig.C.2 for axial stress, Fig.C.3 for 
peel stress, and Fig.C.4 for shear stress. 
Similarly to the von Mises comparison, concentrations for the axial stress, the stress 
distributions and the locations of the maximum concentrations are similar to the 
global model, shown in Table.C.2. The differences compared to the global model for 
different strategies vary from -6.1% to 7.3%. 
       
 
                             
 
Fig.C.2 Axial stress concentration contour results of the end protrusion for the global 
model with detailed geometries (a); Strategy A Model 1 (b); Strategy A Model 2 (c); 
Strategy B (d); Strategy C (e) 
(b) (a) (c) 
(d) (e) 
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Table.C.2 Maximum concentration of axial stresses for various models 
Global Model Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B Strategy C 
1.768 1.770 1.889 1.897 1.660 
%  
compare to the 
global model 
+0.1% +6.8% +7.3% -6.1% 
 
 
      
 
                               
 
Fig.C.3 Peel stress concentration contour results of the end protrusion for global 
model with detailed geometries (a); Strategy A Model 1 (b); Strategy A Model 2 (c); 
Strategy B (d); Strategy C (e) 
(b) (a) (c) 
(d) (e) 
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For the peel stress, see Fig.C.3, all stress distributions are similar as well as the 
maximum stress locations. The maximum concentrations are listed in Table.C.3. The 
maximum stress concentration for Fig.C.3 (e) is less than half of the global model 
result, indicating the accuracy for Strategy C is low. 
Table.C.3 Maximum concentration of peel stresses for various models 
Global Model Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B Strategy C 
0.4505 0.5052 0.5846 0.5172 0.1962 
%  
compare to the 
global model 
+12.1% +29.8% +14.8% -56.4% 
For the shear stress, see Fig.C.4, stress distributions are again similar to the global 
model result except Strategy C, Fig.C.4 (e). The maximum stress concentrations are 
much more different than the previous comparisons ranging from -30.3% to 32.7%, 
listed in Table.C.4. 
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Fig.C.4 Shear stress concentration contour results of the end protrusion for global 
model with detailed geometries (a); Strategy A Model 1 (b); Strategy A Model 2 (c); 
Strategy B (d); Strategy C (e) 
 
Table.C.4 Maximum concentration of shear stresses for various models 
Global Model Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B Strategy C 
0.3719 0.4247 0.4936 0.4484 0.2592 
%  
compare to the 
global model 
+14.2% +32.7% +20.6% -30.3% 
(b) (a) (c) 
(d) (e) 
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After the examination of the whole model, according to the stress distributions 
displayed in Fig.C.1 to Fig.C.4, Strategy A Model 1 shows a stronger agreement with 
the global model results for the end protrusion. However, as failure occurs in the 
composite region of the joining system, the conclusion should not be made according 
to the whole model comparisons. Therefore, composite region of the end protrusion 
and its peel and shear stress should be examined further. 
Appendix C.2 Stress concentration profiles for perpendicular protrusions models 
on the model side edges 
To further compare all strategies with the global model, both left and right sides of 
the end protrusion region were selected. Axial, peel and shear stress concentrations 
profiling were along each side from top to bottom, see Fig.C.5 to Fig.C.7. The Y axis 
is stress and the X axis is distance from top of the joint surface. Two on the X axis 
indicate the joint step surface. 
 
 
 
Fig.C.5 Axial stress concentration on the left side of the end protrusion for the global 
model and all the strategies 
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Axial stress concentration on both sides are examined in Fig.C.5 and Fig.C.6. On the 
left side, reasonable agreement with the global model case was found for all strategies 
except Strategy B, which shows larger variations especially in the titanium alloy 
region. On the right side, Strategy B and C show larger variations. 
 
 
 
Fig.C.6 Axial stress concentration on the right side of the end protrusion for the 
global model and all the strategies 
Peel stress concentration on both sides were examined in Fig.C.7 and Fig.C.8. On the 
left side, before the joint step except for Strategy A Model 2, all other strategies were 
close to the global model result. When it reached the titanium alloy region, stress for  
Strategy A Model 1 has a similar shape with the global model, but shows higher 
concentrations, whereas Strategy B shows lower concentrations with a similar shape. 
Strategy C shows a kink at close to 3mm, i.e. bottom of the end protrusion model. 
This may be caused by the loading of the protrusion model. Strategy A Model 2 
displays a very different stress concentration on the left side of the model. This is 
considered due to the homogenised composite region for simplification. 
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On the right side, Strategy A models show a reasonable agreement with the global 
model, whereas Strategy B and C show complete different trends. Again, these are 
considered to be caused by the loading of the models on the right side. 
 
 
 
Fig.C.7 Peel stress concentration on the left side of the end protrusion for the global 
model and all the strategies 
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Fig.C.8 Peel stress concentration on the right side of the end protrusion for the 
global model and all the strategies 
Shear stress concentration on both left and right side is shown in Fig.C.9 and 
Fig.C.10.  On the left side, Strategy B and C shows completely different response to 
the load. For strategy B, the stress is far smaller than that of the global model end 
protrusion. Boundary conditions for Strategy C resulted in the zero shear stress nearly 
all through the height. Strategy A models show much closer shape and concentrations 
with the global model, especially Model 1, although the concentrations are smaller 
than the global model results. 
On the right side, similar trends are observed. Strategy B and C are completely 
different from the globle model results. Strategy A models show very good agreement 
with the global model, where the Maximum concentration at around 2mm are both 
higher than the global model results. 
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Fig.C.9 Shear stress concentration on the left side of the end protrusion for the 
global model and all the strategies 
 
 
 
 
Fig.C.10 Shear stress concentration on the right side of the end protrusion for the 
global model and all the strategies 
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The stress profile results show that Strategy C is not suitable to represent the end 
protrusion from the global model; Strategy A Model 1 seems to be the best strategy to 
simulate the perpendicular end protrusion behaviour of the joint under tension. The 
question to be asked is whether this strategy is also the best to simulate angled end 
protrusions. 
Appendix C.3 Contour results for 30 degree protrusions models 
The stress concentration contour results are shown in Fig.C.11 to Fig.C.14 for the 
whole end protrusion in various strategies. The locations of the maximum stresses are 
marked with circle on each of the contour results. The maximum concentrations are 
listed in Table.C.5 to Table.C.14. For peel and shear stresses, minus concentrations 
indicate change in stress direction. 
Comparisons of the end protrusion with composites 
Fig.C.11 shows the von Mises stress concentration contour results for various models. 
These comparisons are made to assess the modelling strategy. The maximum stress 
concentrations shown here occurred in the titanium alloy, listed in Table.C.5, 
therefore the concentrations are not important for the joint failure in this work. With 
the same scale the stress distributions are similar to the global model. The maximum 
stresses occurred at the foot of the protrusion within the titanium region, except 
Strategy B, Fig.C.11 (d). The maximum concentrations are all in reasonable 
agreement with the global model end protrusion with 0.3% lower to 7.8% higher 
concentrations. However, the maximum stress location for Strategy B is different. In 
Fig.C.11 (d), for the same location of the global model maximum stress, the von 
Mises stress concentration is 1.663, which is 7.4% more than the global model. 
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Fig.C.11 Von Mises stress concentration contour results of the end protrusion at 30 
degree for the global model with detailed geometries (a); Strategy A Model 1 (b); 
Strategy A Model 2 (c); Strategy B (d) 
 
Table.C.5 Maximum concentration of Von Mises stresses for various models 
Global Model Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B 
1.549 1.545 1.638 1.670 
% compare to the 
global model 
-0.3% +5.7% +7.8% 
(a) (b) (c) 
(d) 
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Contour results of stress components are shown in Fig.C.12 for axial stress, Fig.C.13 
for peel stress, and Fig.C.14 for shear stress. 
      
 
                            
 
Fig.C.12 Axial stress concentration contour results of the end protrusion at 30 
degrees for the global model with detailed geometries (a); Strategy A Model 1 (b); 
Strategy A Model 2 (c); Strategy B (d) 
Similarly to the von Mises comparison, for the axial stress, the stress distributions and 
the locations of the maximum stress concentrations are similar to the global model, 
(a) (b) (c) 
(d) 
 APPENDIX C  Model strategies for end protrusion 
281 
 
shown in Table.C.6. The differences compare to the global model for different 
strategies vary from -1.3% to 5.7%. 
Table.C.6 Maximum concentration of axial stresses for various models 
Global Model Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B 
1.866 1.841 1.943 1.973 
% compare to the 
global model 
-1.3% +4.1% +5.7% 
For the peel stress, see Fig.C.13, all stress distributions are similar as well as the 
maximum stress locations. The maximum concentrations are listed in Table.C.7. The 
maximum stress concentrations compare to the global model are much more higher 
than the case of axial stress, ranging from 13.1% to 29.6%. 
Table.C.7 Maximum concentration of peel stresses for various models 
Global Model Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B 
0.496 0.561 0.643 0.587 
% compare to the 
global model 
+13.1% +29.6% +18.3% 
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Fig.C.13 Peel stress concentration contour results of the end protrusion at 30 
degrees for the global model with detailed geometries (a); Strategy A Model 1 (b); 
Strategy A Model 2 (c); Strategy B (d) 
For the shear stress, see Fig.C.14, stress distributions are again similar to the global 
model result. The maximum stress concentrations are higher than the global model 
ranging from 4.3% to18.7%, listed in Table.C.8. 
(a) (b) (c) 
(d) 
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Fig.C.14 Shear stress concentration contour results of the end protrusion at 30 
degrees for the global model with detailed geometries (a); Strategy A Model 1 (b); 
Strategy A Model 2 (c); Strategy B (d) 
 
Table.C.8 Maximum concentration of shear stresses for various models 
Global Model Strategy A 
Model 1 
Strategy A 
Model 2 
Strategy B 
0.509 0.531 0.604 0.569 
% compare to the 
global model 
+4.3% +18.7% +11.8% 
(a) (b) (c) 
(d) 
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All the locations of maximum stress concentration occur in the titanium alloy region, 
but it is observed experimentally failure occurs in the composite region of the joining 
system. Therefore, composite region of the end protrusion and its peel and shear 
stress should be examined further. 
Appendix C.4 Stress concentration profiles for 30 degree protrusions models on the 
model side edges 
Judging from the contour results for axial, peel and shear stress, there is not clear 
indication for the best modelling strategy. As for the perpendicular protrusion case, 
both left and right sides of the end protrusion region were selected. Axial, peel and 
shear stress concentrations were ploted against the distance from the top of the end 
protrusion region to the bottom on each side, see Fig.C.15 to Fig.C.20. The Y axis is 
stress concentration, and the X axis is distance, in mm, from top of the joint surface. 
From zero to two milimeter on the X axis indicates the composite and protrusion 
region, two milimetre on the X axis indicates the joint step surface, and from two to 
three milimetre on the X axis indicates the region of the joint step. 
Axial stress concentration on both sides were examined in Fig.C.15 and Fig.C.16. On 
the left side, reasonable agreement with the global model case was found for all 
strategies. On the right side, Strategy B shows larger variations. From one to two 
milimetre, it is the region of the protrusion, the axial stress concentration on both 
sides is similar to the global model for Strategy A models, except for Strategy A 
Model 2 on the left side. 
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Fig.C.15 Axial stress concentration on the left side of the end protrusion at 30 
degrees for the global model and all the strategies 
 
 
 
 
Fig.C.16 Axial stress concentration on the right side of the end protrusion at 30 
degrees for the global model and all the strategies 
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Peel stress concentration on both sides were examined in Fig.C.17 and Fig.C.18. On 
the left side, before the joint step except for Strategy A Model 2, all other strategies 
were close to the global model result. When it reached the titanium alloy region, 
stress for  Strategy A models have similar shapes compare with the global model, but 
show higher concentrations, whereas Strategy B shows lower concentrations with a 
similar shape. Stratey A Model 2 displays a very different stress concentration on the 
left side of the model. This is considered due to the homogenised composite region 
for simplification. 
On the right side, Strategy A models show a reasonable agreement with the global 
model, whereas Strategy B shows much more variations. Again, these are considered 
to be caused by the loading on the right side of the model. 
 
 
 
Fig.C.17 Peel stress concentration on the left side of the end protrusion at 30 degrees 
for the global model and all the strategies 
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Fig.C.18 Peel stress concentration on the right side of the end protrusion at 30 
degrees for the global model and all the strategies 
Shear stress concentration on both left and right side is shown in Fig.C.19 and 
Fig.C.20.  On the left side, Strategy A Model 2 shows a different response to the load. 
Strategy B shows a very close results with the global model end protrusion, and 
Strategy A Model 1shows a very good agreement with slight lower concentrations to 
the global model endprotrusion. 
On the right side, Strategy B shows a very different stress profile compare with the 
global model results. Strategy A models show very good agreement with the global 
model, where the maximum concentration at around 2mm are both hgiher than the 
global model results. 
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Fig.C.19 Shear stress concentration on the left side of the end protrusion at 30 
degrees for the global model and all the strategies 
 
 
 
 
Fig.C.20 Shear stress concentration on the right side of the end protrusion at 30 
degrees for the global model and all the strategies 
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APPENDIX D 
2D analysis whole model results 
Appendix D.1 Results for the repetitive protrusions 
The effects of the geometric parameters including protrusion height, shape and angle 
were presented in this section. 
D.1.1 Effect of the protrusion height 
 
           
                                  
Fig.D.1 Von Mises stress concentration contour results with different protrusion 
height 
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The height of the protrusion was defined in Chapter 3, Fig.3.4. For the effects of the 
protrusion height, the cases of 0.50 mm to 1.75 mm with 0.25mm increments were 
analysed. The stress concentration contour results of the whole model are shown in 
figures, Fig.D.1 for the von Mises stress, Fig.D.2 for the axial stress, Fig.D.3 for the 
peel stress and Fig.D.4 for the shear stress. 
For the von Mises stress, the stress concentration distributions are symmetric from 
left to right and the stress concentrated at the foot of the protrusions despite the height 
variation. The maximum stress concentrations are listed in Table.D.1. It is obvious 
that the stress concentration reduced with higher protrusion, and more even stress 
distribution across the whole model was observed for the higher protrusion unit cell 
model. 
Table.D.1 Maximum von Mises stress concentration with different protrusion heights 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σm/σ 1.75e-0 1.70e-0 1.66e-0 1.63e-0 1.59e-0 1.57e-0 
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For the axial stress, it is similar to the case of the von Mises stress, see Fig.D.2. 
               
 
                                     
Fig.D.2 Axial stress concentration contour results with different protrusion height 
The stress concentration distributions are symmetric from left to right and the 
maximum stress concentration occurs at the foot of the protrusions despite the height 
variation and the maximum stress concentrations are listed in Table.D.2. 
Table.D.2 Maximum axial stress concentration with different protrusion height 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σ11/σ 2.02e-0 1.96e-0 1.93e-0 1.88e-0 1.85e-0 1.81e-0 
 APPENDIX D  2D analysis whole model results 
292 
 
For the peel stress, maximum stress concentration occurs at the foot of the protrusions 
despite the protrusion height change, see Fig.D.3. The maximum stress 
concentrations are listed in Table.D.3. 
          
 
                                   
Fig.D.3 Peel stress concentration contour results with different protrusion height 
 
Table.D.3 Maximum peel stress concentration with different protrusion height 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σ22/σ 3.84e-1 3.31e-1 3.46e-1 3.04e-1 3.30e-1 2.94e-1 
The maximum stress concentration various and there is not any obvious trend. For the 
stress distribution peel stress concentrated at the foot and the side of the protrusions 
and on the protrusion sides, the peel stress concentration region enlarges with the 
increase of the protrusion height. Inside the protrusion sides, compression can be 
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observed. This is due to the stiffness difference between the carbon fibre composite 
and the titanium alloy. 
For the shear stress, the stress concentration contours for different height protrusion 
models are shown in Fig.D.4. The maximum stress concentrations are listed in 
Table.D.4. 
            
 
                                    
Fig.D.4 Shear stress concentration contour results with different protrusion height 
The stress distributions are symmetric for the different height protrusion unit cell 
models. Maximum stress concentrations occur at the foot of the protrusions. The 
negative value in the contour results indicates change of directions for the shear stress. 
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The shortest protrusion model has the highest level of shear stress concentration at the 
foot of the protrusion.  
Table.D.4 Maximum shear stress concentration with different protrusion height 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σ12/σ 4.54e-1 4.33e-1 4.10e-1 4.04e-1 3.89e-1 3.83e-1 
The maximum stress concentration oscillates with the increase of the protrusion 
height while the highest protrusion has lowest level of the maximum stress 
concentration. There is not any clear trend for the effects of protrusion height with the 
maximum stress concentration. 
D.1.2 Effect of protrusion angle for the parallel shape protrusions 
The angle of the protrusion was defined in Chapter 3, Fig.3.4. For the effects of the 
protrusion angle, the cases of -30 to 30 degrees with 10 degrees increments were 
analysed, where the minus angle stands for the protrusion leaning towards the left 
hand side, the titanium end of the joint, and vice versa. The stress concentration 
contour results of the whole model are shown in figures, Fig.D.5 for the von Mises 
stress, Fig.D.6 for the axial stress, Fig.D.7 for the peel stress and Fig.D.8 for the shear 
stress. 
For the von Mises stress, the stress concentration distributions are symmetric for the 
same absolute protrusion angle and the stress concentrated at the foot of the 
protrusions despite the height variation marked with circles in Fig.D.5 and listed 
Table.D.5. For the perpendicular protrusion the stress distribution is symmetric and 
the maximum stress concentration occurs at the foot of the protrusion. 
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Fig.D.5 Von Mises stress concentration contour results with different protrusion 
angle 
 
Table.D.5 Maximum von Mises stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σm/σ 1.77e-0 1.74e-0 1.65e-0 1.67e-0 1.65e-0 1.74e-0 1.77e-0 
In Fig.4.12, the maximum von Mises stress concentration for the protrusion angle 
reduces from minus 30 degrees to minus 10 degrees and increase for the 
perpendicular protrusion. 
Similarly for the axial and peel stress, see Fig.D.6 and Fig.D.7, the stress distributions 
are symmetric for the same absolute protrusion angle, and this is also true for the 
location of the maximum stress concentration; for the perpendicular protrusion, the 
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stress distribution is symmetric and maximum stress concentration occurs at the foot 
of the protrusion. The maximum stress concentrations are listed in Table.D.6 and 
Table.D.7 for the axial and peel stress. The effect of the protrusion angle on the 
maximum stress concentration is similar to the von Mises case despite lower or equal 
stress concentration for the perpendicular protrusion. 
                   
 
              
Fig.D.6 Axial stress concentration contour results with different protrusion angle 
 
Table.D.6 Maximum axial stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ11/σ 2.04e-0 2.01e-0 1.95e-0 1.95e-0 1.95e-0 2.01e-0 2.04e-0 
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Fig.D.7 Peel stress concentration contour results with different protrusion angle 
 
Table.D.7 Maximum peel stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ22/σ 4.63e-1 4.01e-1 3.50e-1 3.25e-1 3.50e-1 4.01e-1 4.63e-1 
In Fig.D.8, for the shear stress concentration, negative value indicates the change of 
direction. Therefore, the stress distribution is symmetric for the same absolute 
protrusion angle with opposite directions. The trend for the maximum stress 
concentration is similar to the von Mises case, see Table.D.8. 
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Fig.D.8 Shear stress concentration contour results with different protrusion angle 
 
Table.D.8 Maximum shear stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ12/σ 5.37e-1 5.35e-1 4.02e-1 4.11e-1 4.02e-1 5.35e-1 5.37e-1 
D.1.3 Effect of protrusion angle for the hill shape protrusions 
The angle of the hill protrusion was defined in Fig.3.4. For the effects of the 
protrusion angle, the stress concentration contour results of the whole model were 
shown in figures, Fig.D.9 for the von Mises stress, Fig.D.10 for the axial stress, 
Fig.D.11 for the peel stress and Fig.D.12 for the shear stress. 
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For the whole model the stress concentration of von Mises stress, axial stress, peel 
stress and shear stress, the situation is similar to the parallel shape protrusions. The 
maximum stress concentrations for the hill shape protrusions cover a wider range 
than the parallel shape protrusions. And this is also true for the locations of maximum 
stress concentration and the angle effect for the whole model, also see Table.D.9, 
D.10, D.11 and D.12.  
                   
              
Fig.D.9 Von Mises stress concentration contour results with different protrusion 
angle 
 
Table.D.9 Maximum von Mises stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σm/σ 1.99e-0 1.89e-0 1.77e-0 1.67e-0 1.77e-0 1.89e-0 1.99e-0 
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In the case of axial, peel and shear stress concentrations, the situation is similar to the 
parallel shape protrusions. 
                    
             
Fig.D.10 Axial stress concentration contour results with different protrusion angle 
 
Table.D.10 Axial stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ11/σ 2.26e-0 2.15e-0 2.03e-0 1.95e-0 2.03e-0 2.15e-0 2.26e-0 
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Fig.D.11 Peel stress concentration contour results with different protrusion angle 
 
Table.D.11 Peel stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ22/σ 5.42e-1 5.18e-1 4.07e-1 3.25e-1 4.07e-1 5.18e-1 5.42e-1 
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Fig.D.12 Shear stress concentration contour results with different protrusion angle 
 
Table.D.12 Shear stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ12/σ 5.94e-1 5.74e-1 4.86e-1 4.11e-1 4.86e-1 5.74e-1 5.94e-1 
Appendix D.2 Results for the protrusions on the joint step edge 
The effects of the geometric parameters including protrusion height, shape and angle 
are presented in this section for the protrusions on the joint step edge. The model 
design can be found in Chapter 3, section 3.3. 
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D.2.1 Effect of the protrusion height 
For the effects of the protrusion height, the cases of 0.50mm to 1.75mm with 0.25mm 
increments were analysed. The stress concentration contour results of the whole 
model are presented in figures, Fig.D.13, D.14, D.15 and D.16 for the von Mises 
stress, axial stress, peel stress and shear stress respectively. 
          
                                      
Fig.D.13 Von Mises stress concentration contour results with different protrusion 
height 
For the von Mises stress, the stress concentration distributions are not symmetric 
from left to right. The maximum stress concentration occurs at the left foot of the 
protrusions, marked with circles and listed in Table.D.13. The stress concentrated at 
the foot of the protrusions, and the concentrated stress was spread into the composite 
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region due to the protrusion height change. For the maximum stress concentration, 
the general trend is the decrease of the maximum stress concentration with the 
increase of the protrusion height. 
Table.D.13 Maximum von Mises stress concentration with different protrusion 
heights 
Height [mm] 0.50 0.75 1.00 1.25 1.50 1.75 
σm/σ 1.66e-0 1.57e-0 1.47e-0 1.48e-0 1.42e-0 1.43e-0 
 
               
 
                             
Fig.D.14 Axial stress concentration contour results with different protrusion height 
Very similarly, for the axial stress, peel stress and shear stress, the stress 
concentration distributions were spread into the composite region along with the 
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increase of the protrusion height, the maximum stress concentration occurs at the left 
foot of the protrusion, and the maximum stress concentration reduced with the 
increase of the protrusion height, see Fig.D.14 to D.16 and Table.D.14 to D.16. 
Table.D.14 Maximum axial stress concentration with different protrusion height 
Height [mm] 0.5 0.75 1.0 1.25 1.5 1.75 
σ11/σ 1.93e-0 1.85e-0 1.77e-0 1.74e-0 1.69e-0 1.68e-0 
 
              
                              
Fig.D.15 Peel stress concentration contour results with different protrusion height 
 
Table.D.15 Maximum peel stress concentration with different protrusion height 
Height [mm] 0.5 0.75 1.0 1.25 1.5 1.75 
σ22/σ 5.967e-1 5.864e-1 5.052e-1 4.773e-1 4.627e-1 3.981e-1 
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Fig.D.16 Shear stress concentration contour results with different protrusion height 
 
Table.D.16 Maximum shear stress concentration with different protrusion height 
Height [mm] 0.5 0.75 1.0 1.25 1.5 1.75 
σ12/σ 5.568e-1 4.997e-1 4.247e-1 4.313e-1 4.227e-1 3.865e-1 
To summarise for the von Mises, axial, peel, and shear stress for the whole end 
protrusion region, the maximum stress concentration in the titanium at the bottom of 
the protrusion decreases with higher protrusion. 
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D.2.2 Effect of protrusion angle for the parallel shape protrusions 
For the effects of the protrusion angle, the cases of -30 to 30 degrees with 10 degrees 
increments were analysed, where the minus angle stands for the protrusion leaning 
towards the metal end of the joint. The stress concentration contour results of the 
whole model were shown in figures, Fig.D.17 for the von Mises stress, Fig.D.18 for 
the axial stress, Fig.D.19 for the peel stress and Fig.D.20 for the shear stress. 
  
 
Fig.D.17 Von Mises stress concentration contour results with different protrusion 
angle 
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Table.D.17 Maximum von Mises stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σm/σ 1.45e-0 1.57e-0 1.58e-0 1.47e-0 1.52e-0 1.56e-0 1.56e-0 
In Fig.D.17, stress distribution does not change dramatically for the top of the 
protrusion composite region or for the maximum stress concentrations occurred at the 
bottom of the protrusions within the titanium despite the protrusion angle. The 
maximum stress concentrations are listed in Table.D.17 
 
 
Fig.D.18 Axial stress concentration contour results with different protrusion angle 
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Table.D.18 Maximum axial stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ11/σ 1.71e-0 1.87e-0 1.86e-0 1.77e-0 1.86e-0 1.88e-0 1.86e-0 
Similarly for the axial stress, generally, stress distributions are similar for different 
protrusion angle, as well as the maximum stress concentrations in the titanium at the 
bottom of protrusions, see Table.D.18. 
 
 
Fig.D.19 Peel stress concentration contour results with different protrusion angle 
 
Table.D.19 Maximum peel stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ22/σ 2.22e-1 3.59e-1 4.79e-1 5.05e-1 6.53e-1 7.01e-1 5.71e-1 
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For the peel stress, generally, stress distributions are similar for different protrusion 
angle. The maximum stress concentration varies in the titanium at the bottom of 
protrusions, see Table.D.19. 
  
 
Fig.D.20 Shear stress concentration contour results with different protrusion angle 
Table.D.20 Maximum shear stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ12/σ 2.92e-1 3.67e-1 4.59e-1 4.25e-1 4.80e-1 5.18e-1 5.41e-1 
For the shear stress, generally, stress distributions are similar for different protrusion 
angle. The maximum stress concentration increases for the angle from minus to 
positive in the titanium at the bottom of protrusions, see Table.D.20. 
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To summarise, the stress concentrations are similar for all the protrusion angles; for 
the minus 30 degree protrusion angle, the maximum stress concentration is the lowest 
for all the contour results. 
D.2.3 Effect of protrusion angle for the hill shape protrusions 
 
                    
            
Fig.D.21 Von Mises stress concentration contour results with different protrusion 
angle 
For the effects of the protrusion angle, the cases of -30 to 30 degrees with 10 degrees 
increments were analysed, where the minus angle stands for the protrusion leaning 
towards the metal end of the joint. The stress concentration contour results of the 
whole model were shown in figures, Fig.D.21 for the von Mises stress, Fig.D.22 for 
the axial stress, Fig.D.23 for the peel stress and Fig.D.24 for the shear stress. 
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For the von Mises stress, the maximum stress concentration occurs at the left foot of 
the protrusions despite the angle change. This is very similar comparing with the case 
of the parallel shape protrusions. The maximum stress concentrations for the different 
protrusion angle are listed in Table.D.21.The maximum stress concentration for the 
30 degree hill shape protrusion is much larger compare to the other protrusion angles. 
Table.D.21 Maximum von Mises stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σm/σ 1.43e-0 1.67e-0 1.53e-0 1.47e-0 1.55e-0 1.77e-0 3.08e-0 
 
 
 
Fig.D.22 Axial stress concentration contour results with different protrusion angle 
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For the axial, peel and shear stress concentrations, it is similar to the case of von 
Mises stress, see Fig.D.22 to D.24, and Table.D.22 to D.24. 
Table.D.22 Maximum axial stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ11/σ 1.75e-0 1.95e-0 1.83e-0 1.77e-0 1.85e-0 2.09e-0 3.19e-0 
 
 
 
Fig.D.23 Peel stress concentration contour results with different protrusion angle 
 
Table.D.23 Maximum peel stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ22/σ 4.94e-1 6.10e-1 5.07e-1 5.05e-1 6.31e-1 7.09e-1 7.79e-1 
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Fig.D.24 Shear stress concentration contour results with different protrusion angle 
 
Table.D.24 Maximum shear stress concentration with different protrusion angle 
Angle [°] -30 -20 -10 0 10 20 30 
σ12/σ 4.19e-1 5.19e-1 4.40e-1 4.25e-1 4.79e-1 6.34e-1 7.34e-1 
 
  
